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Cerebrotendinous Xanthomatosis

A DEFECTIN MITOCHONDRIAL26-HYDROXYLATION

REQUIREDFORNORMALBIOSYNTHESIS OF CHOLIC ACID

HELGEOFTEBRO, INGEMARBJORKHEM,SVERRESKREDE, AKSEL SCHREINER,
and JAN I. PEDERSEN,Institute for Nutrition Research, School of Medicine,
University of Oslo, Oslo 3, Norway; Department of Clinical Chemistry and
the Research Center at Huddinge Hospital, Karolinska Institutet, Stockholm,
Sweden; Institute of Clinical Biochemistry, Rikshospitalet, University of Oslo,
Oslo 1; and Medical Department B, Haukeland Hospital, University of Bergen,
Bergen, Norway

A B S T R A C T Oxidation of the side chain of 5,3-
cholestane-3a,7a,12a-triol was studied in a patient
with cerebrotendinous xanthomatosis (CTX) and in
control subjects, using various subcellular fractions of
liver homogenate and a method based on isotope
dilution-mass spectrometry.

In the control, 5p8-cholestane-3a,7a,12a-triol was
converted into 5f3-cholestane-3a,7a,12a,26-tetrol and
3a,7a,12a-trihydroxy-5,8-cholestanoic acid by the mito-
chondrial fraction, and into 5,8-cholestane-3a,7a,12a,-
25-tetrol by the microsomal fraction.

In the CTX patient, liver mitochondria were com-
pletely devoid of 26-hydroxylase activity. The same
mitochondrial fraction catalyzed 25-hydroxylation of
vitamin D3.

The microsomal fraction of liver of the subject with
CTX contained more than 50-fold the normal amount
of 5f3-cholestane-3a,7a,12a-triol.

The basic metabolic defect in CTX appears to be a
lack of the mitochondrial 26-hydroxylase. The excre-
tion in the bile of 5,p-cholestane-3a,7a,12a,25-tetrol
and 5f3-cholestane-3a,7a,12a,24a,25-pentol observed
in CTXpatients may be secondary to the accumulation
of the major substrate for the 26-hydroxylase, i.e., 5,8-
cholestane-3a,7a,12a-triol, and exposure of this sub-
strate to the normally less active microsomal 25-
and 24-hydroxylases.

It is concluded that the major pathway in the bio-
synthesis of cholic acid in human liver involves a
mitochondrial C27-steroid 26-hydroxylation.
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INTRODUCTION

From a great number of in vivo and in vitro experiments
in humans as well as in rats, evidence has accumulated
that in the biosynthesis of bile acids, the normal
degradation of the cholesterol side chain starts with a
26-hydroxylation,l followed by oxidation of the
hydroxyl group to yield 3a,7a-dihydroxy-5,0-chole-
stanoic acid and 3a,7a,12a-trihydroxy-5,8-cholestanoic
acid (5-10; Fig. IA). The mitochondrial fraction of
both human and rat liver contains a 26-hydroxylase,
which is active towards several 7a-hydroxylated
C27-steroids (11, 12). In rat liver (12, 13) the microsomal
fraction is able to catalyze 26-hydroxylation of some
C27-steroids. In both rat (12) and human (11) liver,
the microsomal fraction is able to catalyze the introduc-
tion of hydroxyl groups also in the 23-, 24-, and 25-
position of the C27-steroid side chain, but these

1Abbreviations and nomenclature used in this paper: CTX,
cerebrotendinous xanthomatosis; GC-MS, gas chromatography-
mass spectrometry; HPLC, high-pressure liquid chromatography;
Mops, 4-morpholino propane sulfonic acid; Vmax, maximum
velocity. According to Berseus (1) and to a recent work by
Gustafsson (2) the mitochondrial fraction of rat liver hydroxyl-
ates the methyl group of cholesterol in position C-27 (the
pro-S-methyl group [3]) and the microsomal fraction of rat liver
hydroxylates the methyl group of 5,8-cholestane-3a,7a,12a-
triol in position C-26 (the 25-pro-R-methyl group [3]). Recently,
however, Shefer et al. (4) found an opposite stereospecificity
when studying side-chain hydroxylation of 5,8-cholestane-3a,-
7a-diol in human liver mitochondria (4). Because the stereo-
specificity might be different in different species and with
different substrates, we prefer here to denote the co-hydroxyl-
ation of the side chain of 5/8-cholestane-3a,7a,12a-triol as
26-hydroxylation.
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FIGURE 1 The 26-hydroxylase pathway (A) and the 25-hydroxylase pathway (B) for degradation
of the C27-steroid side chain in the biosynthesis of bile acids.

activities were originally believed to be of minor patients with the rare lipid storage disease cerebro-
physiological significance (12). tendinous xanthomatosis (CTX), were 5f3-cholestane-

In 1974, however, Setoguchi et al. (14) showed that 3a,7a,12a,25-tetrol and 5,8-cholestane-3a,7a,12a,24,25-
-10% of the total sterols excreted in feces of three pentol. In later studies, this group of researchers
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presented evidence that in the liver of healthy control
subjects as well as in the liver of CTXpatients, enzymes
are present that are able to catalyze formation of cholic
acid from 5p3-cholestane-3a,7oa,12a,25-tetrol (15, 16;
Fig. 1B). Both in vivo and in vitro experiments showed
that patients with CTXhad a lower capacity to metabo-
lize 5,8-cholestane-3a,7a,12a,25-tetrol than control
subjects. In particular, the rate of 24,8-hydroxylation
of 5,6-cholestane-3a,7a,12a-tetrol was about four times
higher in the microsomal fraction of liver of a control
subject than in the corresponding fraction of a CTX
patient (16, 17). It was concluded that the major met-
abolic defect in patients with CTX is a relative lack of
24,8-hydroxylase activity. On the basis of these findings,
it was further suggested that the pathway to cholic acid,
involving a 25-hydroxylation, may be the major one
in normal man (15, 16). However, the possibility that
the pathway involving a 26-hydroxylation is the main
route could not be excluded (15).

In the present work we have investigated the latter
possibility and we show that the mitochondrial fraction
from the liver of a patient with CTX was completely
devoid of 26-hydroxylase activity. In addition, large
amounts of 5,8-cholestane-3a,7a, 12a-triol were de-
tected in the microsomal fraction. The exposure of this
substrate to the action of the microsomal 23-, 24-, and
25-hydroxylases may explain the accumulation of
25-hydroxylated steroids in these patients. Based on
our findings we suggest that the basic metabolic defect
in CTX patients is the lack of a mitochondrial C27-
steroid 26-hydroxylase and that this enzyme is involved
in the normal major pathway in cholic acid biosynthesis
in man.

METHODS

Chemicals. Malic acid, glucose-6-phosphate, 4-morpho-
lino propane sulfonic acid (Mops), ATP and NADP+ were
purchased from Sigma Chemical Co., St. Louis, Mo. Glucose-
6-phosphate dehydrogenase was from Boehringer & Soehne,
Mannheim, West Germany. N,N'-diphenyl-p-phenylene di-
amine (DPPD) was from Eastman Kodak Co., Rochester, N. Y.
Other chemicals and solvents were standard commercial
high puirity materials.

Unlabeled steroids. Vitamin D3 obtained from Sigma
Chemical Co. was purified by high-pressure liquid chroma-
tography (HPLC) on a silicic acid column (18) before use.
5,f-Cholestane-3a,7a,12a-triol and 5f8-cholestane-3a,7a,12a,-
26-tetrol were synthesized as described (13). 3a,7a,12a-
Trihydroxy-5,8-cholestanoic acid was obtained from alligator
bile (13). This acid isolated from this species appears to be
the 25R-isomer (19, 20). The alkaline conditions used in
the isolation procedure might, however, to some extent change
the stereospecificity at C-25. Most probably the 3a,7a,12a-
trihydroxy-5/8-cholestanoic acid synthesized in human liver
has the 25R-configuration (21). In any case, the 25R- and
25S-isomers are not separated under any of the chromato-
graphic conditions used in the present work.

Tritium-labeled steroid. 5,8-[7_3-3H]Cholestane-3a,7a,12a-
triol (7 Ci/mol) was synthesized as described (13).

Deuterium-labeled steroids. 25-Hydroxy[262H]vitamin D3
was synthesized as described (22). 5p8-[2,2,3,4,4-2H5]Choles-
tane-3a,7a,12a-triol, 5,8-[2,2,3,4,4-2H,]cholestane-3a,7a,12a-
25-tetrol, and 5I8-[2,2,3,4,4_2H,]cholestane-3a,7a,12a,26-tetrol
were prepared as follows: 7a,12a-Dihydroxy-5,8-cholestane-
3-one was prepared by Oppenhauer oxidation of 5,8-choles-
tane-3a,7a,12a-triol (23). This compound, 20 mg, was
refluxed in 5 ml of CH302H and 1 ml of 2H20 together with
12 mmol NaOH for 24 h. The deuterated solvents were
obtained from Merck AG (Darmstadt, West Germany) and
had a purity of >99% with respect to 2H. The mixture was
then diluted with 2H20, acidified with 2HCI (Merck AG,
99%pure with respect to 2H) and extracted with diethyl ether.
The ether phase was washed with 2H20 until neutral. After
evaporation of the solvent in vacuo, the residue was treated
with 5 ml of CH302H and 10 mg of NaB2H4 (Merck AG, 99%
pure with respect to 2H) for 1 h at room temperature. After
dilution with 2H20 and acidification with 2HCI, the mixture
was extracted with ether as above. The reduced material
in the ether phase was purified by preparative thin-layer
chromatography, using ethyl acetate as solvent. Crystalliza-
tion in methanol-water gave 5.7 mg of white needles. The
material was pure as judged by thin-layer chromatography
(ethyl acetate as solvent) and gas chromatography of the
trimethylsilyl ether using a SE-30 column. A mass spectrum
(LKB 9000, LKB Instruments, Inc., Stockholm, Sweden) of
the trimethylsilyl ether of the compound confirmed the
identity and showed that the material was a mixture of tetra-
and pentadeuterium labeled 5/3-cholestane-3a,7a,12a-triol.
Thus the peaks at the mass/charge ratio (mle) 546, mle 456,
mle 366, and mle 253 in the mass spectrum of the trimethylsilyl
ether of unlabeled 5f3-cholestane-3a,7a,12a-triol were shifted
to mle 551, mle 461, mle 371, and mle 258 in the mass spectrum
of the deuterium-labeled compound (Fig. 2).

2H5-Labeled 5/8-cholestane-3a,7a,12a-triol was then incu-
bated with the microsomal fraction of a rat liver homogenate
(11, 13). The products, 2H,-labeled 5,8-cholestane-3a,7a,12a,-
25-tetrol and 5,8-cholestane-3a,7a,12a,26-tetrol were isolated
by thin-layer chromatography (12, 13). According to gas
chromatography of trimethylsilyl ether of the material
(SE-30 column) the thin-layer chromatographic fraction
contained a mixture of 5,8-cholestane-3ca,7a, 12a,25-tetrol
(34%) and 5,8-cholestane-3a,7a,12a,26-tetrol (66%).

The mass spectrum of the trimethylsilyl ether of 2H5-labeled
5,8-cholestane-3a,7a,12a,25-tetrol was consistent with the
proposed structure. Thus the peaks at mle 544, mle 454, and
mle 253 in the mass spectrum of trimethylsilyl ether of
unlabeled 5p8-cholestane-3a,7a,12a,25-tetrol (14) were shifted
to m/e 549, mle 459, and mle 258.

The mass spectrum of the trimethylsilyl ether of 2H,-labeled
5,8-cholestane-3a,7a,12a,26-tetrol was also consistent with
the proposed structure. Thus the peaks at mle 634, m/e 544,
mle 454, and mle 253 in the mass spectrum of trimethylsilyl
ether of unlabeled 5f8-cholestane-3a,7a,12a,26-tetrol were
shifted to m/e 639, mle 549, m/e 459, and mle 258 in the mass
spectrum of the trimethylsilyl ether of the 2H5-labeled
compound (Fig. 3).

In each incubation assay, a fixed amount of the thin-layer
chromatographic fraction containing 2H5-labeled 5,f-choles-
tane-3a,7a,12a,25-tetrol and 5,8-cholestane-3a,7a,12a ,26-tetrol
was directly used without further purification.

Clinical. Our patient was a women (I.J.) born in 1935
with typical clinical symptoms of CTX: Achilles tendon
xanthomas, cataracts, mental reduction, and ataxia. Detailed
descriptions of the patient and her sister who also suffers
from CTX have been published (24). The diagnosis was
established by the demonstration of a high level of 5a-
cholestane-3,l-ol (cholestanol) in serumii (3.2 mg/dl, normal
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FIGURE 2 Partial mass spectrum of trimethylsilyl ether of unlabeled (upper spectrum) and 2H5-
labeled 5,1-cholestane-3a,7a,12a-triol (lower spectrum).

reference value 0.9+0.2 [25]) and of excess cholestanol in a
tendon xanthoma (17% of the sterol fraction). Cholestanol was
separated from cholesterol by thin-layer chromatography
of lipid extracts (26) of the xanthoma and serum on plates
coated with 20% AgNO3 (27). Quantitative analyses by gas
liquid chromatography (Varian 2100 instrument, Varian
Associates, Palo Alto, Calif.) were performed after treatment
with trifluoroacetic anhydride, using 3% QF 1 columns at
220°C, and a-cholestane as internal standard. The identity of
cholestanol was established by mass spectrometry (Varian
CH7 instrument). The spectrum was the typical one (28)
with peaks at 388, 373, 355, 234, 233, and 215.

A specimen of bile was analyzed in 1976 by Dr. Gerald
Salen. The relative contents of bile acids and bile alcohols
were: 5f3-cholestane-3a,7a,12a,triol 1%, 5,8-cholest-25-ene-
3a,7a,12a-triol 4%, 5,8-cholestane-3a,7a,12a,25-tetrol 32%,
cholic acid 41%, deoxycholic acid 2%, chenodeoxycholic
acid 1%, and unidentified bile alcohols 19%. As compared
with normal bile (14, 25) the most striking findings were
thus a deficiency in chenodeoxycholic acid (normal amounts

40-45%), and large amounts of bile alcohols (normally
not detectable).

In 1978, the patient was admitted to the hospital (Haukeland
sykehus, Bergen, Norway) for acute cholecystitis. Because
of numerous gallstones it was decided to perform a cholecys-
tectomy. Liver function tests were normal. With the informed
consent of the patient and her family, a liver biopsy (1.4 g)
was removed during the operation in June 1979.

Control subjects. Normal human liver material was made
available from a renal transplant donor, a 32-yr-old man,
dead according to officially adopted Norwegian criteria.
Needle biopsies (30-35 mg) taken routinely during abdominal
surgery were obtained from six patients free of liver diseases.

Preparation of subcelltular fractions of liver biopsies.
Immediately after the biopsies were taken, they were put
on ice-cold 0.25 M sucrose, 25 mMMops buffer, pH 7.4, and
homogenized in a Potter-Elvehjem homogenizer. Mito-
chondria were prepared without delay as described (29)
with the exception that they were washed only twice.
Microsomes were prepared from the postmitochondrial
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supernate by centrifugation at 105.000 g for 75 min. The
resulting mitochondrial and microsomal pellets were re-

suspended in 0.25 M sucrose, 25 mMMops, pH 7.4. All
incubations were performed immediately after the cell
fractionation processes were completed. The protein con-

centration was determined by the Lowry method (30) using
bovine serum albumin as a standard.

Incubation, extraction, and chromatographic procedures.
Each incubation mixture contained the following in 1.0 ml
of 0.25 Msucrose, 27 mMMops buffer, pH 7.4; 2.7 ,umol ATP,
3 ,umol potassium malate, 0.6 ,umol glucose-6-phosphate,
0.5 unit glucose-6-phosphate-dehydrogenase, 0.7 !Lmol NADP+
and 10 ,umol MgCl2. The incubations with vitamin D3 also
contained 2 ,ug DPPD. The amounts of protein from the
different subcellular fractions were 0.3-1.8 mgand checked
to be within the linearity range of the reaction.

The reaction was started by the addition of substrate
(0.4-12 ,g of tritium-labeled 513-cholestane-3ca,7a,12a-triol
in 10 ,ul of ethanol) and allowed to proceed for 60 min at
37°C under oxygen. The reaction was terminated by the
addition of 0.1 ml 1 N HCI. When2H5-labeled 518-cholestane-
3a,7a,12a-25 and 26-tetrols were used as internal standards,
these were added together with the HCI.

After extraction with ethyl acetate (31) the solvent was

evaporated under N2 and the residue redissolved in 100-

300 ,ul of methanol. Aliquots of the samples were subjected
to HPLC(SP 3500 B liquid chromatograph, Spectra-Physics,
Inc., Santa Clara, Calif.) using a Spherisorb ODScolumn (4.6
x 250 mm, particle size 5 ,um), and 13% H20 in methanol as

eluting solvent (1 ml/min) (32). The collected fractions (1/min)
were counted in a Packard Tri-Carb liquid scintillation
spectrometer (Packard Instrument Co., Inc., Downers Grove,
Ill.) and the rate of conversion of 5,8-cholestane-3a,7a,12a-
triol was calculated from the distribution of the radio-
activity. Any loss of highly polar material to the water phase
(<1% of the total radioactivity was recovered in this phase)
was not taken into account.

Assay of 5,8-cholestane-3a,7a,12a-triol, 5,3-cholestane-
3a,7a,12a,25-tetrol, 5,-cholestane-3a,7a,12a,26-tetrol, and
3a,7a,12a-trihydroxy-5,fcholestanoic acid by isotope dilu-
tion-mass spectrometry. (For review of this technique see

ref. 33.) The content of 5/3-cholestane-3a,7a,12a-triol in
homogenates of liver was assayed using 2H,-labeled 5X8-
cholestane-3a,7a,12a-triol as internal standard. The labeled
steroid, 200 ng, was added to 100 ,ul of the liver homogenate.
The mixture was extracted with ethyl acetate as above
and was purified by HPLC, using 13% H20 in methanol as

solvent and a Spherisorb ODScolumn (4.6 x 250 mm). The
fraction corresponding to 5,8-cholestane-3a,7a,12a-triol was

converted into trimethylsilyl ether and analyzed by gas
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chromatography-mass spectrometry (GC-MS), using a 1.5%
SE-30 column at 2800C (LKB 9000 instrument, equipped
with a multiple ion detector). The multiple ion detector was
focused on the ion at mle 456 and on the ion at rne 461
(corresponding to M - 2 x 90 fragment) (Fig. 2). The ratio
between the two tracings were strictly linear with increasing
amounts of unlabeled 5#-cholestane-3a,7a,12a-triol in the
presence of a fixed amount of 2H,-labeled 5,6-cholestane-3a,-
7a,12a-triol (Fig. 4A). The amount of unlabeled 5,f-choles-
tane-3a,7a,12a-triol was calculated from the ratio between
the two tracings and the standard curve.

The amouints of 5,8-cholestane-3a,7a,12a,25-tetrol and
5,f-cholestane-3a,7a,12a,26-tetrol obtained in the different
incubations were assayed using the corresponding deuterium-
labeled compounds as internal standards. A fixed amount of
the mixture of 2H5-labeled 5,B-cholestane-3a,7a,12a,25-tetrol
(120 ng) and 2H5-labeled 5,p-cholestane-3a,7a,12a,26-tetrol
(230 ng) was added to each incubation.

The steroids were extracted as described above and,
without further purification, converted into trimethylsilyl
ether, and subjected to analysis by GC-MS. The multiple ion
detector was focused on the ion at rne 544 and at rne 549
(Fig. 3). The amount of unlabeled 5,8-cholestane-3a,7a,12a,-
26-tetrol was calculated from the ratio between the two peaks
occurring in the two tracings, with a retention time cor-
responding to trimethylsilyl ether of 5,8-cholestane-3a,7a,-
12a,26-tetrol, and the linear standard curve obtained (Fig.

i 2.0- A

* _ 1.5-/
0 0

, , 1.0-

0.5/

4B). The amount of unlabeled 5/8-cholestane-3a,7a,12a,25-
tetrol was calculated from the ratio between the two peaks
occurring in the two tracings (rne 544 and mle 549), with a
retention time corresponding to trimethylsilyl ether of
5,f-cholestane-3a,7a,12a,25-tetrol.

Because of a lack of synthetic material no standard curve
could be produced in this case, but the reasonable assumption
was made that the ratio between unlabeled 25-tetrol and
2H5-tetrol was the same as the ratio between the two peaks
occurring in the two tracings. A ratio of 1.0 between the
height of the peak at rne 544 and the height of the peak at
m/e 549 was thus assumed to correspond to 120 ng of unlabeled
5,8-cholestane-3a,7a,12a,25-tetrol.

In the assay of 3a,7a,12a-trihydroxy-5,8-cholestanoic acid,
the lipid extract containing the mixture of 2H5-labeled 25-
tetrol and 26-tetrol was methylated with diazomethane and
converted into the trimethylsilyl ether before analysis by
GC-MS. The detector was focused on the ion at n/e 544 (to
follow the 2H5-labeled 26-tetrol) and on the ion at rne 500
(to follow unlabeled trimethylsilyl ether of methylated
3a,7a,12a-trihydroxy-5,8-cholestanoic acid). It was shown
that the ratio between the peak obtained at n/e 500 (with a
retention time corresponding to derivative of 3a,7a,12a-
trihydroxy-5f3-cholestanoic acid) and the peak at n/e 549
(with a retention time corresponding to derivative of the
26-tetrol) was approximately linear with the amount of
unlabeled derivative of 3a,7a,12a-trihydroxy-5,8-cholestanoic

""I 2 -

to on
_ _~0 0
-C-

-C
-- 1-

0

20 40 60 80 100

5p-Cholestane-3cx,7x,12x-triol (ng)

B

100 300 500
5p-Cholestane-3a,7ci,12a,26-tetrol(ng)

C

FIGuRE 4 Standard curve for assay of 5,8-cholestane-3a,7a,-
12a-triol (A), 5,/-cholestane-3a,7a,12a,26-tetrol (B), and 3a,-
7a,12a-trihydroxy-5,8-cholestanoic acid (C).

Absence of Steroid 26-Hydroxylase in Cerebrotendinous Xanthomatosis

\0 0

)T

-n LO
0 0

.4,m
. 0.

QC-

3a,7a,12a-trihydroxy-Sp-Cholestonoic acid (ng)

1423



acid in the range of 200 to 800 ng (Fig. 4C). When the amount
of unlabeled 3a,7a,12a-trihydroxy-5,8-cholestanoic acid was

<200 ng, the ratio between the peak heights deviated from
linearity, however, and the quantitation in this range must

be considered as approximate.
In the assay of 25-hydroxylation of vitamin D3 by the

mitochondrial fraction of human liver, the assay conditions
used were identical to those used for assay of 26-hydroxylation
of 5f8-cholestane-3a,7a,12a-triol (6.3 mg of mitochondrial
protein, 10 ,ug of substrate). Before ethyl acetate extraction
as above, 50 ng of 2H3-labeled 25-hydroxyvitamin D3 was

added. The extract was purified by HPLC, converted into the
trimethylsilyl/t-butyldimethylsilyl derivative, and subjected
to GC-MSas described (34).

Kinetic analysis of experimental data. Apparent Km and
maximum velocity (Vmax) values were determined by fitting
experimental data to a Michaelis Menten hyperbola by using
program HYPER(35). Computations were carried out with a

POP11/03 computer.

RESULTS

Conversion of tritium-labeled 5f3-cholestane-3a,-
7a,12a-triol into more polar products by different
subcellular fractions of normal liver and liver from
the CTXpatient. Two more polar product peaks were

detected on the radiochromatograms by HPLC of the
extracts of reaction mixtures after incubating different
subcellular fractions with 5,8-cholestane-3a,7a, 12a-
triol. The major peak had the same retention time as

5,8-cholestane-3a,7a,12a,25- and 26-tetrols (and pos-

sibly other tetrols), and the minor one had the same

retention time as 3a,7a,12a-trihydroxy-5,8-cholestanoic
acid.

The rates of formation of these more polar products
were markedly higher with the subcellular fractions
from the liver of the control subject than from the
CTX patient (Fig. 5). In particular, the hydroxylation
activity of the mitochondrial fraction from the CTX
subject was reduced to near the detection limit.

From the substrate saturation curves (Fig. 5) the
Vmax and Km values for the hydroxylase activities of
the various fractions could be determined and the
results are summarized in Table I. The most striking
feature is the reduction in the Vmax for the mitochon-
drial hydroxylation activity of the CTX subject to 0.5%
of that of the control. The microsomal activity of the
CTXpatient is apparently lowered in that it amounted

0.5 1.0

1/5 P-Cholestane-3a, 7a,12a-triol (i±M)

1/5 -Cholestane-3a,7a,12a-triol (gM)

0.5 1.0

1/5 p-Cholestane-3a, 7c,12a-ctriol (gM)

FIGURE 5 Rates of formation of polar products from 5f3-cho-
lestane-3a,7a,12a-triol incubated with homogenate (A), mito-
chondrial (B), and microsomal fraction (C) from liver of the
CTX patient (-) and the control subject (0).

For incubation conditions see Methods. The results are pre-

sented as Lineweaver-Burk plots. The rate of product forma-
tion (V) is given as nanomoles x milligram protein-' x hour-1.
The products represent the sum of all formed material more

polar than the substrate (see text).
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TABLE I
Conversion ofTritium-labeled5f3-Cholestane-3af,7a,12a-triol

into More Polar Products* by Liver Subcellular Fractions
from Control Subject and from CTX Patient

Subcellular fraction Vmax Km

nmol x mg-' x h-' PM

Whole homogenate
Control subject 9.4 6.4
CTX patient 1.9 14.5

Mitochondria
Control subject 14.4 7.1
CTXpatient 0.08 2.0

Microsomes
Control subject 22.8 15.2
CTXpatient 6.2 14.7

* See legend to Fig. 5.

to only 27%of that of the control (see below). Identical
Km values were found for the homogenate and the
mitochondria from the control subject, whereas the
values were identical for the homogenate and the
microsomes from the CTX patient (Table I). These

findings certainly reflect the importance of the different
subcellular fractions to the overall hydroxylation
activity of the homogenates, the mitochondrial fraction
being more important in the control whereas the
microsomal fraction is dominant in the CTX patient.

Conversion of 5,¢cholestane-3a,7a,12a-triol into
5f3-cholestane-3a,7a,12a-,25-tetrol, 5,3-cholestane-
3a,7a,12a,26-tetrol, and 3a,7a,12a-trihydroxy-5,3-
cholestanoic acid by subcellular fractions of normal
liver and liver from the CTX patient. In Fig. 6A, a
mass fragmentographic recording is shown of a deriva-
tive of the standard mixture consisting of deuterated
5,p-cholestane-3a,7a, 12a,25-tetrol and 5,8-cholestane-
3a,7a,12a,26-tetrol. The peak with the retention time
at 5.7 min shown in the tracing at mle 549 corresponds
to the derivative of the deuterium-labeled 25-tetrol and
the peak with the retention time of 6.3 min in the same
tracing corresponds to the derivative of the 26-tetrol.
No peaks were seen in the tracing at mle 500 or mie
544, corresponding to unlabeled 3a,7a,12a-trihydroxy-
5,8-cholestanoic acid and unlabeled 25- or 26-tetrols,
respectively. A blank incubation with a crude homoge-
nate of normal human liver gave the same chromato-
gram as that shown in Fig. 6A. Fig. 6B shows a
typical chromatogram of derivative of extract from an

_ m~..---~m/e 500

LU
U,
z
2
U

LU

I--
LU
0
z
0
LU
a.
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JV \. .mle 549
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z

0

a.1

0

m/e 544

0
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C

FIGURE 6 Mass fragmentographic recording of methylated and trimethylsilylated standard mix-
ture of 2H5-labeled 5,8-cholestane-3a,7a,12a,25-tetrol and 5,8-cholestane-3a,7a,12a,26-tetrol (A);
methylated and trimethylsilylated extract of an incubation of whole homogenate of normal human
liver with 5,-cholestane-3a,7a,12a-triol (B); methylated and trimethylsilylated extract of an incuba-
tion of whole homogenate of liver from the CTX patient with 5,8-cholestane-3a,7a,12a-triol (C).
The standard mixture of 2H,-labeled 5,8-cholestane-3a,7a,12a,25-tetrol and 5,8-cholestane-3a,7a,-
12a,26-tetrol had been added to two incubations as described in Methods.
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incubation of 5,3-cholestane-3a,7a,12a-triol with whole
homogenate of normal human liver. Peaks were ob-
tained both in the tracing at mnle 544 (corresponding
to unlabeled 25-tetrol and 26-tetrol) and in the tracing
at mile 500 (corresponding to unlabeled 3a,7a,12a-
trihydroxy-5,/-cholestanoic acid). The amount of un-
labeled 5,8-cholestane-3a,7a, 12a,25-tetrol, 5,8-choles-
tane-3a,7a, 12a,26-tetrol, and 3a,7a, 12a-trihydroxy-5,f-
cholestanoic acid could be calculated as described in
Methods, usinlg the standard curve shown in Figs. 4B
and C. Fig. 6C shows a typical chromatogram of
derivative of extract from an incubation of 5X8-
cholestane-3a,7a,12a-triol with whole homogenate of
liver from the CTX patient. No significant peaks
corresponding to unlabeled 26-tetrol or 3a,7a,12a-
trihydroxy-5,8-cholestanoic acid could be detected.
However, there was a significant peak corresponding
to unlabeled 5,3-cholestane-3a,7a,12a,25-tetrol.

The results of the different incubations are sum-
marized in Table II. In consonance with the pre-
vious work (11), the normal human liver microsomes
catalyzed 25-hydroxylation of 5,3-cholestane-3a,7a,12a-
triol, but not 26-hydroxylation. The microsomal frac-
tion from the CTX patient had a somewhat lower
capacity to 25-hydroxylate 5,8-cholestane-3a,7a, 12a-
triol than the microsomal fraction from the control

subject. The mitochondrial fraction from the control
subject catalyzed conversion of 5,8-cholestane-3a,7a,-
12a-triol into both 5,3-cholestane-3a,7a,12a,26-tetrol
and 3a,7a,12a-trihydroxy-5,8-cholestanoic acid at high
rates. The mitochondrial fraction from the CTX pa-
tient, however, was completely devoid of such activity.

The mitochondrial and microsomal fractions were
isolated and assayed for 25- and 26-hydroxylase
activity in oinly one control subject. Whole homogenate
from seven control subjects were assayed for these
activities. In all cases 26-hydroxylation was detected,
but the rate varied considerably (mean 0.81, and range
0.33-2.45 nmol x mg-' x h-1) between the different
preparations.

The lack of 26-hydroxylase activity in the mito-
chondrial fraction of the CTX patient might theoreti-
cally be the result of inactivation of mitochondrial
fraction during preparation. This possibility was ex-
cluded, however, by incubation of the mitochondrial
fraction from the CTX patient with 10 ,ug of vitamin
D3 under essentially the same incubation conditions
as those used for assay of 26-hydroxylation of 5,3-
cholestane-3a,7a, 12a-triol. A significant conversion
into 25-hydroxyvitamin D3 was observed (6 pmol
x mg protein-' x h-1). With the microsomal fraction a
conversion of 3 pmol x mgprotein- x h-1 was found.

TABLE II
Coivnersion of 5,8-Cholestane-3a,7a,1 2ca-Triol into 5,l/-Cholesta ne-3a,7a,1 2ca,

25-Tetrol, 5f8-Cholestane-3a,7a,12a,26-Tetrol and 3a,7a,12a-Trihtidroxyx-
5,8-Cholestatn-26-oic Acid by Liver Subcellular Fractions

frotmi Cointrol Subject and from the CTX Patient

Vmax

Formationi of'
3a,7a, 12a-tri-
hydroxy -5f0-

cholestan-26-oic
Stibcelltilar fraction 25-Hydroxylation 26-Hydroxvlation* acid

linioI x ,n1g-' x h-'

Whole homogenate
Control subject 0.51t 2.45 0.44
CTX patient 1.20 0 0

Mitochondria
Control subject 0 8.72 0.69
CTX patient 0.15§ 0 0

Microsomes
Control subject 5.78 0 0
CTX patient 1.47 0 0

* Includes the formation of 5/3-cholestane-3a,7a,12a,26-tetrol and 3a,7a,12a-tri-
hydroxy-5,8-cholestanoic acid.
t Represents the value obtained wvith 5 ,ug of substrate/incubation. The Vmax
could not be obtained from the substrate saturation curve because a straight
line was not obtained by reciprocal plotting of the data.
§ This value was obtained with all substrate concentrations tested and could not
be corrected for the blank value because of accidental error.
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The considerably lower specific activity with this frac-
tion excludes the possibility that the mitochondrial
activity was the result of microsomal contamination.

Accumulation of .5a-cholestane-3a,7a,12a-triol itn
the liver of the CTX patient. By using 2H5-labeled
5,8-cholestane-3a,7a,12a-triol as internal standard, the
amount of unlabeled 5,8-cholestane-3a,7a, 12a-triol
was measured in whole homogenate and mierosomal
fraction from liver of two control subjects and the
CTX patient. In Fig. 7, the mass fragmiienitographic
recordings are shown that were obtainedl in the
analysis of trimethylsilyl ether of purified extract
from microsomal fraction from liver of the control
subject (A) and the CTX patient (B). The tracing at
tn/le 456, corresponding to unlabeled 5fl-cholestane-
3a,7a,12a-triol, gave a much higher peak in the
analysis of the material from the CTX patient than in
the analysis of the material from the control subject.
The exact amount of unlabeled 5,8-cholestane-3a,7a,-
12a-triol in the different subcellular fractions were
calculated, using the standard curve shown in Fig. 4A.
The results are summarized in Table III. The amount
of 5,8-cholestane-3a,7a,12a-triol was -50-fold higher
in the microsomal fraction and in the whole homog-
enate from the liver of the CTX patient as compared
with the two control subjects.

Included in Table III are also the amounts of
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5,8-cholestane-3a,7a, 12a,25-tetrol determined in the
blank incubations with the homogenate and the micro-
somal fractions. Again, much higher levels were de-
tected in the fractionis from the CTXpatient than from
the control subject. The lower amount of the tetrol
relative to the triol in the microsomes from the CTX
patient but not in the homogenate should be noted.

The lower coinversion of tritium-labeled 5fl-choles-
tane-3a,7a,12a-triol to more polar products by the
microsomal fractioni of the CTX patient than by that of
the control subject (Table I) mnay be explained by the
large amount of endogeinous 5fl-cholestane-3a,7a,12a-
triol diluting the labeled substrate.

DISCUSSION

According to the results presented here, the most
likely metabolic defect in CTX is a lack of mito-
chondrial C27-steroid 26-hvdroxvlase activity. Thus the
mitochondrial fraction as well as the whole homogeniate
of the liver of the CTX patient was completely
devoid of such activity. In addition, the mlajor sub-
strate for the 26-hydroxylase, 5,8-cholestane-3a,7a, 12a-
triol, was accumulated in the liver to a greater ex-
tent than 5,8-cholestane-3a,7a, 12a,25-tetrol.

The inability of the isolated mitochondrial fractioni
to 26-hydroxylate C27-steroids is not per se sufficient

B

m/e 456

m/e 461

2 4
TIME (min)

FIGURE 7 Mass fragmentographic recordin-g of triinethylsilylated HPLC-purified ethyl acetate
extract of liver microsomes from a control subject (A) and the CTX patient (B). 2H5-labeled 5p-
cholestane-3a,7a,12a-triol, 200 ng, had been added to the extract before purification.
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TABLE III
Content of 5,(Cholestane-3a,7a,12a-Triol and 5(3-Cholestane-3a,7a,12a,25-Tetrol

in Liver Fractions of the CTX Patient and Two Control Subjects

5 -cholestane-3a,7a,12a-triol 5,8-cholestane-3a,7a,12a,25-tetrol

Whole Microsomal Whole Microsomal
Subjects homogenate fraction homogenate fraction

ng/mg protein

CTX patient 105 480 107 33

Control subject 1 2 9 Not 6
detectable

Control subject 2 3 Not
detectable

evidence that the patient with CTX lacks 26-hy-
droxylase activity. The 26-hydroxylase activity varied
also considerably in the different liver biopsies
studied in the present work. When using fresh human
liver homogenate, however, we have never previously
failed to detect 26-hydroxylase activity unless the tis-
sue had been frozen. Also, the ability of the mito-
chondrial fractioin from the CTXpatient to catalyze 25-
hydroxylation of vitamin D3 excludes the possibility of
inactivation of this subcellular fraction. In a previous
work, we have shown that the intramitochondrial
localization is the same for the vitamin-D3 25-hydroxyl-
ase and the C27- steroid 26-hydroxylase (36). Further-
more, in both of these cytochrome P-450-dependent
hydroxylations, liver ferredoxin and ferredoxin reduc-
tase seem to be involved as electron carriers (18,32). In
a recent work we have provided evidence that different
species of cytochrome P-450 are involved in mito-
chondrial 25-hydroxylation of vitamin D3 and 26-
hydroxylation of 5,8-cholestane-3a,7a,12a-triol.2 A se-
lective inactivation of only one of these species in
the mitochondrial fraction from the CTX patient
seems highly unlikely.

The present observations make it less likely that the
basic defect in CTX is a deficient microsomal 24,8-
hydroxylase active on 5/3-cholestane-3a,7a,112a,25-
tetrol as has been advocated by Salen et al. (17). Their
conclusion was based on findings both of a delayed
conversion of labeled 5,8-cholestane-3a,7a,12a,25-
tetrol into cholic acid and a relatively low 24,8-
hydroxylase activity (reduced by a factor of four) in
patients with CTX as compared with control subjects
(15-17). In principle such findings can be explained
by an expanded endogenous pool of 5/3-cholestane-
3a,7a,12a,25-tetrol, which might dilute the adminis-
tered exogenous steroid (Table III).

2 Bjorkhem, I., I. Holmberg, H. Oftebro, and J. I. Pedersen.
Properties of a reconstituted vitamin D3 25-hydroxylase from
rat liver. J. Biol. Chem. In press.

In a previous work, we observed that 5,8-cholestane-
3a,7a-diol was 25-hydroxylated by human liver micro-
somes to a considerably lower extent than was 5,3-
cholestane-3a,7a,112a-triol (11). Thus more cholic acid
relative to chenodeoxycholic acid will probably be
formed by the 25-hydroxylase pathway. If the 25-
hydroxylase pathway is of importance under normal
conditions, and the basic defect in CTX patients is a
relative deficiency of the enzyme catalyzing 24-
hydroxylation of 5,f-cholestane-3a,7a,12a,25-tetrol, it
would be expected that cholic acid biosynthesis should
be more affected than the biosynthesis of cheno-
deoxycholic acid. In contrast, however, it has been
reported that the production of chenodeoxycholic
acid in patients with CTX is decreased more than
the production of cholic acid (25) and a deficiency
of chenodeoxycholic acid in the bile was found also
in our patient. This is in accord with the contention
that the basic metabolic defect in CTX is a lack of the
26-hydroxylase. It is believed that the major substrate
for the mitochondrial 26-hydroxylase in the biosyn-
thesis of chenodeoxycholic acid is 5/3-cholestane-
3a,7a-diol. If this compound accumulates in patients
with CTX, it will be exposed to the action of the 12a-
hydroxylase to a greater extent than in normal subjects
(37, 38). The consequence will be an even higher ac-
cumulation of 5,8-cholestane-3a,7a,12a-triol, which
leads to a shift towards biosynthesis of cholic acid.

In addition to the results presented here, there are
some other indications in the literature that the 26-
hydroxylase pathway normally is more important than
the 25-hydroxylase pathway. Thus Cronholm and
Johansson (12) have reported that tritium-labeled 5,8-
cholestane-3a,7a,12a,26-tetrol was converted into
cholic acid in a bile fistula rat much more efficiently
than was tritium-labeled 5,3-cholestane-3a,7a,12a,25-
tetrol (12). Very recently the same experiment was
repeated in human patients with a biliary fistula
(39). Also in this case, labeled 518-cholestane-3a,7a,-
12a,26-tetrol was converted into cholic acid much
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more efficienitly thalni was labeled 5A-cholestane-
3a,7a, 12a,25-tetrol.

In conclusioni, the presented results and the above
considerations are all in agreement with the view that
the 26-hydroxylase pathway is normally the major one
in the biosynthesis of both cholic acid and cheno-
deoxycholic acid in man. In patients with CTX how-
ever, the 25-hydroxylase will partly compensate for
the lack of the 26-hydroxylase and thus become of
major importance in the biosynthesis of bile acids.

ACKNOWLEDGMENTS

We are grateful to Dr. Gerald Saleni, College of Medicine
and Dentistry of New Jersey, Newark, N. J., for analyzinig
the bile and to Dr. Knut Nygaard, Surgical Department A,
Rikshospitalet, Oslo, for making normal liver biopsies avail-
able. The skillful technical assistance of Trond Bodvar is
appreciated.

This work was supported by the Swedish Medical Re-
search Council (project 03X-314) and by the Norwegian
Council for Science and the Humanities.

REFERENCES

1. Berseus, 0. 1965. On the stereospecificity of 26-
hydroxylation of cholesterol. Acta Chem. Sca nd. 19:
325-328.

2. Gustafsson, J., and S. Sjostedt. 1978. On the stereo-
specificity of microsomal "26"-hydroxylation in bile
acid biosynthesis. J. Biol. Chemin. 253: 199-201.

3. Popjak, G., J. Edmond, F. A. L. Anet, and R. N. Easton,
Jr. 1977. Carbon-13 NMRstudies on cholesterol bio-
synthesized from ['3C]mevalonates. J. Am. Chem. Soc.
99: 931-935.

4. Shefer, S., F. W. Cheng, A. K. Batta, B. Dayal, G. S. Tint,
and G. Salen. 1978. Biosynthesis of chenodeoxycholic
acid in man. Stereospecific side-chain hydroxylations of
5,f-cholestane-3a,7a-diol. J. Cliii. Itnvest. 62: 539-545.

5. Danielsson, H., and I. Sjovall. 1975. Bile acid metabolism.
Anntiu. Rev. Biochern. 44: 233-253.

6. Bjorkhem, I., and H. Danielsson. 1976. Biosynthesis and
metabolism of bile acids in man. Ini Progress in Liver
Diseases. H. Popper and F. Schaffner, editors. Grune
& Stratton, Inc., New York. 215-231.

7. Staple, E., and J. L. Rabinowitz. 1962. Formation of
trihydroxycoprostanoic acid from cholesterol in man.
Biochim. Biophijs. Acta. 59: 735-736.

8. Carey, J. B., Jr. 1964. Conversion of cholesterol to
trihydroxycoprostanoic acid in man. J. Cliii. Invest. 43:
1443-1448.

9. Bergstrom, S., R. J. Bridgwater, and U. Gloor. 1957. On the
conversion of 3a,7a,12a,-trihydroxycoprostanoic acid to
cholic acid in rat liver homogenates. Acta Chem. Scand.
11: 836-838.

10. Bridgwater, R. J., and S. Lindstedt. 1957. On the metabo-
lism of 3a,7a,12a-trihydroxycoprostanoic acid in the rat.
Acta Cheni. Scand. 11: 409-413.

11. Bjorkhem, I., J. Gustafsson, G. Johansson, and B. Persson.
1975. Biosynthesis of bile acids in man: hydroxylation of
the C27-steroid side chain. J. Clin. Invest. 55: 478-486.

12. Cronholm, T., and G. Johansson. 1970. Oxidation of 5,3-
cholestane-3a,7a,12a-triol by rat liver microsomes. Eur. J.
Biochem. 16: 373-381.

13. Bjorkhem, I., and J. Gustafsson. 1973. co-Hydroxylation of

the steroid side chain in the biosynthesis of bile acids.
Eur. J. Biocheinr. 36: 201-212.

14. Setoguchi, T., G. Salen, G. S. Tint, and E. H. Mosbach.
1974. A biochemical abnormiiality in cerebrotendinous
xanthomatosis.J. CliiU. Intvest. 53: 1393-1401.

15. Salen, G., S. Shefer, T. Setoguchi, and E. H. Mosbach.
1975. Bile alcohol metabolism in man. Conversioni of 5,8-
cholestane-3a,7a, 12a,25-tetrol to chol ic aei(l. J. Clitn.
Intvest. 56: 226-231.

16. Shefer, S., F. W. Cheng, B. Dayal, S. Hauser, G. S. Tint,
G. Salen, and E. H. Mosbach. 1976. A 25-hydroxylation
pathway of cholic acid biosynthesis in mlan anid rat.]. ClitG.
Invest. 57: 897-903.

17. Salen, G., S. Shefer, F. W. Cheng, B. Dayal, A. K. Batta,
and G. S. Tint. 1979. Cholic acid biosynthesis. The en-
zymatic defect in cerebrotendinous xanthomlatosis.]. Cliii.
Intvest. 63: 38-44.

18. Pedersen, J. I., I. Holmberg, and I. Bj6rkhem. 1979. Re-
constitutioni of vitamin D3 25-hydroxylase activity with
a cytochrome P-450 fraction from rat liver mitochondria.
FEBS (Fed. Eur. Biochemn. Soc.) Lett. 98: 394-398.

19. Haslewood, G. A. D. 1952. Bile salts of crocodlyliae. Bio-
cheml. J. 52: 583-587.

20. Bridgwater, R. J. 1956. Partial synthesis of the two 3a,7a,-
12a-trihydroxycoprostanic acids and of similar bile acids
with extended side chains. Biochemii. J. 64: 593-599.

21. Carey, J. B., Jr., and G. A. D. Haslewood. 1963. Crystal-
lization of trihydroxycoprostanoic acid from humani bile.

J. Biol. Chemn. 238: PC 855-856.
22. Bj6rkhem, I., and I. Holmberg. 1976. A nlovel specific

assay of 25-hydroxy vitamin D3. Cliil. Chim. Acta. 68:
215-221.

23. Berseus, O., H. Danielsson, and A. Kallner. 1965. Synthe-
sis and metabolism of cholest-4-ene-7a,12a-diol-3-one and
5,-cholestane-7a,12a-diol-3-one. J. Biol. Chem. 240: 2396-
2406.

24. Schreiner, A., G. Hopen, and S. Skrede. 1975. Cerebro-
tendinous xanthomatosis (cholestanolosis). Investigations
on two sisters and their family. Acta Neurol. Scand. 51:
405-416.

25. Salen, G. 1971. Cholestanol deposition in cerebrotendi-
nous xanthomatosis: a possible mechanism. Ann. Itntern.
Med. 75: 843-851.

26. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A
simple method for the isolation and purification of total
lipides from animal tissues.j. Biol. Chem. 226: 497-509.

27. Arvidson, G. A. E. 1968. Structural and metabolic hetero-
geneity of rat liver glycerophosphatides. Eur. J. Biochem.
4: 478-486.

28. Stenhagen, E., S. Abrahamsson, and F. W. McLafferty.
1974. Registry of mass spectral data. John Wiley & Sons,
Inc., New York. 3: 2417.

29. Pedersen, J. I., and H. K. Godager. 1978. Purification of
NADPH-ferredoxin reductase from rat liver mitochondria.
Biochim. Biophys. Acta. 525: 28-36.

30. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent.J. Biol. Chem. 193: 265-275.

31. Taniguchi, S., N. Hoshita, and K. Okuda. 1973. Enzymatic
characteristics of CO-sensitive 26-hydroxylase system for
5,8-cholestane-3a,7a,12a-triol in rat liver mitochondria
and its intramitochondrial localization. Eur. J. Biochem.
40: 607-617.

32. Pedersen, J. I., I. Bjorkhem, and J. Gustafsson. 1979. 26-
Hydroxylation of C27-steroids by soluble liver mitochon-
drial cytochrome P-450. J. Biol. Chem. 254: 6464-6469.

33. Bjorkhem, I. 1979. Selected ion monitoring in clinical
chemistry. Crit. Rev. Clin. Lab. Sci. 11: 53-105.

Absence of Steroid 26-Hydroxylase in Cerebrotendinous Xanthomatosis 1429



34. Bjorkhem, I., and I. Holmberg. 1978. Assay and properties
of a mitochondrial 25-hydroxylase active on vitamin D3.

J. Biol. Chem. 253: 842-849.
35. Cleland, W. E. 1963. Computer programmes for processing

enzyme kinetic data. Nature (Lond.). 198: 463-465.
36. Bjorkhem, I., and I. Holmberg. 1979. On the 25-hydroxyl-

ation of vitamin D3 in vitro studied with a mass-fragmento-
graphic technique. J. Biol. Chem. 254: 9518-9524.

37. Bjorkhem, I., H. Danielsson, K. Einarsson, and G. Johans-
son. 1968. Formation of bile acids in man: conversion of

cholesterol into 5,8-cholestane-3a,7a,12a-triol in liver
homogenate.J. Clin. Invest. 47: 1573-1582.

38. Schwartz, C. C., B. I. Cohen, Z. R. Vlahcevic, D. H.
Gregory, L. G. Halloran, T. Kuramoto, E. H. Mosbach,
and L. Swell. 1976. Quantitative aspects of the conversion
of 5,8-cholestane intermediates to bile acids in man. J.
Biol. Chem. 251: 6308-6314.

39. Hanson, R. F., A. B. Staples, and G. C. Williams. 1979.
Metabolism of 5,8-cholestane-3a,7a,12a,25-tetrol into
cholic acid in normal human subjects. J. Lipid Res. 20:
489-493.

1430 H. Oftebro, I. Bjorkhem, S. Skrede, A. Schreiner, and J. I. Pedersen


