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Abstract To study the metabolism of cholestanol in pa-
tients with cerebrotendinous xanthomatosis (CTX), we
measured the cholestanol absorption, the cholesterol and
cholestanol turnover, and the tissue content of sterols in two
patients. Cholestanol absorption was z5.0%. The rapid ex-
changeable pool of cholestanol was 233 mg, and the total
exchangeable pool was 752 mg. The production rate of cho-
lestanol in pool A was 39 mg/day. [4-14C]cholestanol was
detected in the xanthomas, but neither [4-14C]cholestanol
nor [4-14C]cholesterol was detected in peripheral nerves
biopsied at 49 and 97 days after [4-14C]cholesterol given
intravenously. Of the 18 tissues analyzed at biopsy and
autopsy, the cholestanol content varied from 0.09 mg/g in
psoas muscle to 76 mg/g in a cerebellar xanthoma. With the
assumption that the cholestanol-to-cholesterol ratio is 1.0,
the relative cholestanol-to-cholesterol ratio varied from 1.0
in plasma and liver to 30.0 in the cerebellar xanthoma; cho-
lestanol was especially high in nerve tissue. Our data indi-
cate that CTX patients absorb cholestanol from the diet.
They have a higher than normal cholestanol production
rate. Cholestanol was derived from cholesterol. In CTX
patients, the blood-brain barrier was intact to the passage of
[4-14C]cholesterol and [4-14C]cholestanol. The deposition
of large amounts of cholestanol (up to 30% of total sterols
in cerebellum) in nerve tissues must have an important role
in the neurological symptoms in CTX patients. In view of the
intact blood-brain barrier, several other explanations for the
large amounts of cholestanol in the brain were postulated.—
Bhattacharyya, A. K., D. S. Lin, and W. E. Connor. Cho-
lestanol metabolism in patients with cerebrotendinous
xanthomatosis: absorption, turnover, and tissue deposition.
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Cerebrotendinous xanthomatosis (CTX), first reported
by van Bogaert, Scherer, and Epstein (1) in 1937, is a rare
autosomal recessive neurologic disease characterized by
xanthomas of tendons, lungs, and the brain despite nor-
mal or low plasma cholesterol concentrations. Other major
clinical manifestations include diarrhea, cataracts, prema-
ture atherosclerosis and myocardial infarction, progressive
cerebellar ataxia, dementia, spinal cord paresis, and below-
normal intelligence. Greatly increased concentrations of
cholestanol, the 5a-dihydro derivative of cholesterol, in
plasma and in practically all tissues, notably xanthoma,
nerve tissues, and brain, have been reported (2–4).

Small amounts of cholestanol normally accompany cho-
lesterol in virtually every mammalian tissue. The normal
biosynthesis and metabolism of cholestanol have been well
reviewed by Bjorkhem and Skrede (4). The major meta-
bolic defect in the CTX syndrome is the impaired synthe-
sis of chenodeoxycholic acid from cholesterol. There is a
deficiency of the mitochondrial sterol 27-hydroxylase
enzyme, which catalyzes the initial steps in the oxidation
of the side chain of the cholesterol structure in the con-
version of cholesterol to bile acids (3–6). The CTX syn-
drome has been traced to a mutation of the sterol 27
hydroxylase (CYP27A1) gene on chromosome 2q33-qter
(7). Several other mutations of the sterol 27-hydroxylase
gene have now been reported (7–11). It has been suggested
that the accumulation of cholestanol in the tissues is sec-
ondary to this mutation of the CYP27A1 gene (3).

Salen, Shefer, andBerginer (3) proposed that large accu-
mulations of cholesterol and cholestanol in tissues result
from an increased synthesis of cholestanol and choles-
terol. Besides increased biosynthesis of cholestanol, in-
creased intestinal absorption of dietary cholestanol may
also contribute to the plasma levels, so we studied the intes-
tinal absorption of cholestanol in two patients with CTX.
We also measured the turnovers of plasma cholestanol and
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cholesterol and determined the equilibration of isotopic
cholestanol and cholesterol between plasma, xanthoma,
and peripheral nerve tissue. In addition, we also analyzed
14 autopsy samples from one patient to assess the cholestanol
and cholesterol contents and their relative ratios in vari-
ous tissues. In particular, we suggest some new hypotheses
for the profound accumulation of cholestanol in nerve
tissue, which may result from synthesis in nerve tissue.

MATERIALS AND METHODS

Patients

Two brothers, aged 26 and 30 years and weighing 78 and 68 kg,
respectively, displayed all of the clinical manifestations of the
CTX syndrome: large tendon xanthoma (Achilles, patellar, and
extensor tendons of the hands), cataracts, ataxia, and below-
normal intelligence. Their plasma cholestanol concentrations
were 3.5 and 3.6 mg/dl, respectively, and plasma cholesterol
levels were 195 and 181 mg/dl, respectively. The plasma choles-
tanol concentrations of their mother, eldest brother and his two
children, and a maternal uncle were normal (0.25–0.45 mg/dl).

Both patients were studied at the Clinical Research Center
of the University of Iowa Hospital in the 1970s. The experimen-
tal protocols were explained to the patients, their mother, and
their court-appointed protector, and informed consent was ob-
tained from all persons concerned according to the policies
of the Committee on Investigation involving Human Beings of
the University of Iowa College of Medicine. The Committee ap-
proved the study protocol. At that time, their treatment was a
low-cholestanol diet; the value of chenodeoxycholic acid in the
CTX syndrome had not yet been demonstrated.

Cholestanol absorption

The intestinal absorption of cholestanol was measured in both
patients by feeding a single dose of [4-14C]cholestanol in a
formula breakfast that provided z800 calories and contained
z50 g of fat, consisting of 19% monounsaturated, 16% poly-
unsaturated, and 18% saturated fatty acids. The carbohydrate
and protein contents of the meal were 63 and 25 g, respectively.
The cholesterol content was z100 mg. The isotope (z3 mCi)
along withz2.5 mCi of [22,23-3H]b-sitosterol was dissolved in 5 g
of peanut oil with 150 mg of crystalline b-sitosterol and 0.5 mg of
crystalline cholesterol added as carriers and then mixed with egg
yolk. An aliquot of the formula was analyzed for sterol mass and
radioactivities to obtain the exact amounts fed (12). Feces were
collected daily for the next 7 days and stored in plastic bags at
2208C. The 7 day feces pool was homogenized with water (1:1),
and an aliquot was analyzed for radioactivity in the neutral sterol
fraction (12). The absorption of cholestanol was calculated as the
difference between the amount fed and the amount excreted in
the neutral sterol fraction of the feces after correcting on the
basis of sitosterol radioactivity recovery and was expressed as
percentage of intake (13).

Cholesterol and cholestanol turnover

For the cholesterol turnover studies, both patients were given
intravenously a single dose of z50 mCi of [4-14C]cholesterol
(New England Nuclear Corp., Boston, MA) dissolved in 5 ml of
ethanol and suspended in 500 ml of 0.9% NaCl solution as
described previously (14). A plasma cholestanol turnover study
was carried out in both patients z2 years later. Approximately
50 mCi of [4-14C]cholestanol [New England Nuclear; purified by

AgNO3-TLC, with.99% radiopurity as checked by AgNO3-TLC
and gas liquid chromatography (GLC)] was given intravenously
as a single dose as described above.

Venous blood samples were obtained every morning in the
fasting state for the first 5 days and then twice weekly for the
next 12 weeks. Plasma was separated by centrifugation at 48C and
stored at 2208C for determination of plasma cholestanol- and
cholesterol-specific radioactivities as described below.

Plasma cholestanol- and cholesterol-specific radioactivities were
plotted semilogarithmically against time. For both patients, the
plasma cholesterol-specific radioactivity decay curve could be
resolved precisely into the sum of two exponentials. The various
parameters of cholesterol turnover were calculated on the basis
of the kinetic analysis of the two-pool model (15). However, the
semilogarithmic plots of the plasma cholestanol-specific radio-
activity were widely scattered in both patients. In patient 1, the
plasma cholestanol-specific radioactivity decay curve could be
resolved, although not very precisely, into the sum of two expo-
nentials; therefore, approximate values for cholestanol turnover
were calculated. In patient 2, the plasma cholestanol-specific
radioactivity decay curve could not be resolved into the sum of
two exponentials. Hence, no attempt was made to calculate the
plasma cholestanol turnover in this patient.

Biopsies of tendon xanthomas, sural nerve, liver, skin, and
adipose tissue were obtained using routine hospital procedures.
Duodenal bile samples were obtained by duodenal intubation
using MgSO4 solution to enhance the bile flow. All procedures
were carried out while both patients were inpatients at the
Clinical Research Center.

Determination of sterol concentrations in plasma,
erythrocytes, and tissues

Onemilliliter of plasma or serum was saponified with alcoholic
KOH and extracted with hexane according to the procedure
of Abell et al. (16). The erythrocytes were washed repeatedly
with 0.9% NaCl solution, and the lipids were extracted with
chloroform-isopropanol (7:11, v/v) according to the method of
Rose and Oklander (17) and made up to 50 ml with the solvent.
All tissue specimens were cut into small pieces and washed re-
peatedly with 0.9% NaCl solution to remove blood. The pieces
were blotted on a filter paper, weighed, and dried in a hot
vacuum oven at 808C to a constant weight. The dried tissue was
repeatedly extracted by boiling with chloroform-methanol (2:1,
v/v); the lipid extract was made up to a suitable volume (usually
50 ml) with the solvent. An aliquot was then saponified and ex-
tracted with hexane as described above. The hexane extract was
evaporated to dryness under N2, redissolved in a small volume of
hexane, and subjected to AgNO3-TLC using a 0.25 mm thick
silica gel H-coated glass plate (Applied Science Laboratories,
Inc., State College, PA). The plate was pre-run in chloroform, air-
dried, and impregnated with AgNO3 by allowing a 10% aqueous
solution of AgNO3 to migrate to the top. The plate was then air-
dried and activated at 1208C for 1 h. The hexane extract was
applied on the plate as a narrow band using the TLC streaker
(Applied Science Laboratories) along with reference cholestanol
and cholesterol. The plate was developed at 48C in chloroform-
acetone (97:3, v/v), and the solvent was allowed to ascend to the
top of the plate. The sterol bands were visualized under ultraviolet
light after spraying lightly with a saturated aqueous solution of
Rhodamine 6G (Applied Science Laboratories), scraped, eluted
with ethyl ether, and subjected to GLC as the trifluoroacetate
derivative, with 5a-cholestane as the internal standard (18).

GLC was carried out on a dual-column gas chromatograph
equipped with a hydrogen flame ionization detector and an au-
tomatic digital integrator (Hewlett-Packard Co., Avondale, PA).

186 Journal of Lipid Research Volume 48, 2007

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


The column was a coiled glass of 183 cm length and 2 mm inter-
nal diameter packed with 3% QF-1 on 80–100 mesh Gas-chrome
Q (Supelco, Inc., Bellefonte, PA). The temperatures of the col-
umn, detector, and flash heater were 210, 240, and 2608C, respec-
tively. Nitrogen was the carrier gas at a flow rate of 24 ml/min,
and the inlet pressure was 50 p.s.i. The sensitivity of our GLC
method for the detection of sterols was in the 10–20 ng range.

Free and esterified sterols in the tissue extracts were separated
by TLC using a silica gel G plate. The plate was developed in
petroleum ether-diethyl ether-glacial acetic acid (80:20:1, v/v).
The free and ester sterol bands were scraped, eluted with diethyl
ether, and subjected to AgNO3-TLC as described above to sepa-
rate cholestanol from cholesterol. The individual sterols were
quantitated by GLC as described above.

Determination of cholestanol and
cholesterol radioactivities

Cholestanol and cholesterol radioactivities in the plasma and
tissues were determined on aliquots of the same eluate obtained
after separation of cholestanol from cholesterol by AgNO3-TLC.
Ten milliliters of scintillation fluid [4 g of 2,5,5-diphenyloxazole
and 0.1 g of l,4-bis(2-5-phenyloxazolyl) benzene per liter of tolu-
ene] was used in each counting vial. A liquid scintillation spec-
trometer equipped with external standardization (Packard
Instrument Co., Inc., Downers Grove, IL) was used for radio-
activity counting.

RESULTS

Plasma lipid concentrations

The plasma levels of cholestanol, cholesterol, and tri-
glyceride as well as erythrocyte concentrations of chole-
stanol and cholesterol in the two patients are shown in
Table 1. Both patients had more than eight times higher
concentrations of plasma cholestanol than for the normal
subjects. Cholestanol was also found in the membranes
of erythrocytes. The ratios of cholestanol to cholesterol in
the plasma and erythrocytes were similar, showing ready
equilibration. Plasma cholesterol levels were ,200 mg/dl
in both patients. Plasma triglyceride levels were normal.

Cholestanol absorption

The results presented in Table 2 show that the intestinal
absorption of cholestanol in the two patients measured by
feeding a single dose of radioactive cholestanol was 5.5%

and 3.4% of the dose fed. In six normal human subjects,
the mean intestinal absorption of cholestanol was 3.3 6

2.7% (SD) of a single oral dose (Table 2).

Plasma cholesterol and cholestanol turnover

The plasma cholesterol turnover calculated from the
plasma cholesterol-specific radioactivity decay curve ac-
cording to the two-pool model (15) showed that the half-
lives of the first exponential were 4.5 and 4 days and the
half-lives of the second exponential were 51 and 46 days in
patients 1 and 2, respectively (Table 3). In the two pa-
tients, the sizes of rapidly exchangeable pool A (MA) were
26 and 21 g and those of total exchangeable pools (MA 1

MB) were 84 and 70 g, respectively. The production rate of
cholesterol in pool A (PRA) in patient 1 was 2.57 g/day,
and that in patient 2 was 2.16 g/day (Table 3).

Plasma cholestanol turnover could only be calculated
according to the two-pool model for patient 1. For patient
2, the plasma cholestanol radioactivity decay curve could
not be determined for the required length of time because
the patient left the hospital for family and personal rea-
sons; thus, not enough blood samples could be obtained.
The results of the plasma cholestanol turnover, according
to the two-pool model (15), in patient 1 are shown in
Table 3. The rapidly exchangeable pool (MA) was 233 mg,

TABLE 1. Plasma and erythrocyte lipid concentrations in two
CTX patients

Variable Cholestanol Cholesterol Triglycerides

Plasma
Patient 1 3.5 6 0.06 195 6 13 169 6 13
Patient 2 3.6 6 0.5 181 6 29 129 6 13
Normal subjects (n 5 13) 0.4 6 0.2 197 6 28 150 6 22

Erythrocytes
Patient 1 1.9 6 0.6 98 6 6
Patient 2 2.0 6 0.6 99 6 6

CTX, cerebrotendinous xanthomatosis. Plasma values are mean
mg/100 ml 6 SD. Erythrocyte values are mean mg/100 ml packed
cells 6 SD.

TABLE 2. Percentage intestinal absorption of cholestanol in two
patients with CTX after a single oral dose of [4-14C]cholestanol

Subject Percent

Patient 1 5.5
Patient 2 3.4
Normal subjects (n 5 6) 3.3 6 2.7

For normal subjects, the values are mean percent 6 SD.

TABLE 3. Plasma cholesterol and cholestanol turnover in two
CTX patients

Patient 1 Patient 2

Variable Cholesterol Cholestanol Cholesterol

Half-life of the first exponential,
days

4.5 3 3

Half-life of the second
exponential, days

51 31 46

Pool size A (MA), g 25.9 0.233 20.9
Pool size B (MB),

a g 58.2 0.419 49.3
Total exchangeable pool
(MA 1 MB), g

84.1 0.752 70.2

Production rate of cholesterol
in pool A, g/day

2.57 0.039 2.16

Rate constants
KAA per day 20.1465 20.2707 20.1631
KAB per day 0.0475 0.0698 0.0597
KA per day 0.0990 0.2009 0.1033
KBB per day 20.0211 20.0239 20.0253
KBA per day 0.0211 0.0239 0.0253

KAA, rate constant for total removal from pool A; KAB, rate con-
stant for transfer from pool A to pool B; KA, rate constant for excretion
from pool A and the whole system; KBB, rate constant for total removal
from pool B; KBA, rate constant for transfer from pool B to pool A.

aMinimum estimate assuming no synthesis of cholesterol or cho-
lestanol in pool B (i.e., KB 5 0) (6).
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and the total exchangeable pool was 752 mg. The PRA of
cholestanol was z39 mg/day (Table 3).

Tissue sterols, radioactivity, and the blood-brain barrier

Cholestanol was found in large amounts in tendon
xanthoma, peripheral nerve, skin, and adipose tissue of
patient 1 (Table 4). It constituted between 6% and 12% of
total sterols in the tendon xanthomas, skin, and adipose
tissue. In the sural nerve, cholestanol constituted z20%
of total sterols. In patient 2, in skin and adipose tissue,
cholestanol constituted 7% and 18% of total sterols, re-
spectively. The relative cholestanol-cholesterol ratios varied
from 1.0 in plasma to 13.5 in sural nerve in patient 1. It
varied from 1.0 in plasma to 11.0 in adipose tissue in
patient 2.

Between 47% and 86% of total cholestanol in tendon
xanthomas was found as esterified cholestanol. Similarly,
in the sural nerve, 59% of total cholestanol was in the es-
terified form. Esterified cholesterol ranged between 54%
and 93% in the tendon xanthomas and was 53% in the
sural nerve.

The free and ester cholesterol-specific radioactivities of
the left tendo-Achilles xanthoma biopsied 49 days after
intravenous administration of [4-14C]cholesterol were 240
and 184 dpm/mg cholesterol, and those for xanthoma
cholestanol were 228 and 140 dpm/mg for free and ester

cholestanol, respectively (Table 5). The plasma free and
ester cholesterol-specific radioactivities on the day of
biopsy were 247 and 251 dpm/mg cholesterol. Similarly,
free and ester cholesterol-specific activities of the right
tendo-Achilles xanthoma biopsied 87 days after injec-
tion of [14C]cholesterol were 252 and 149 dpm/mg cho-
lesterol, respectively, whereas plasma cholesterol-specific
activities were 152 and 151 dpm/mg and those for cho-
lestanol were 166 and 111 dpm/mg. Furthermore, free
and esterified cholesterol-specific activities in the left
patellar xanthoma obtained 415 days after intravenous
[14C]cholesterol were 165 and 58 dpm/mg, and those for
cholestanol were 105 and 34 dpm/mg. In the plasma, no
radioactivity was detected at 415 days.

In contrast, no radioactivity was detected in the periph-
eral nerves biopsied 49 and 87 days after intravenous
[14C]cholesterol (Table 5). The most direct way to demon-
strate that the blood-brain barrier was functionally intact
in the CTX patient is to ask whether [4-14C]cholesterol
injected intravenously and found in other tissues of the
body is also found in the tissues of the nervous system. The
answer from two nerve biopsies was that no radioactive
cholesterol or cholestanol was found in the nerve tissue
after injection of isotopic cholesterol. The specific radio-
activity (dpm/mg) of both cholesterol and cholestanol
was easily measurable in plasma and tendon xanthomas at

TABLE 5. Plasma and xanthoma free and esterified sterol/stanol-specific radioactivity in patient 1 with CTX

Plasma Xanthoma

Cholesterol Cholesterol Cholestanol Sural Nerve

Daysa Free Ester Tendo-Achilles Free Ester Free Ester Cholesterol Cholestanol

49 247 251 Left 240 184 228 140 0 0
87 152 151 Right 252 149 166 111 0 0
415 Left patellar 165 58 105 34 — —

Values are dpm/mg.
aAfter intravenous dose of [4-14C]cholesterol.

TABLE 4. Cholestanol and cholesterol content of tissues biopsied from the two CTX patients

Cholestanol Cholesterol

Variable Total Free Ester Total Free Ester
Relative Cholestanol-
to-Cholesterol Ratioa

Patient 1
Plasma 3.5 195 1.0
Xanthoma
Left tendo-Achilles 25.9 (9.8) 13.8 12.1 239.3 (90.2) 110.7 128.6 5.5
Right tendo-Achilles 20.2 (11.2) 2.9 17.3 160.4 (88.8) 24.9 135.5 6.5
Left patellar 5.1 (11.7) 1.1 4.0 38.0 (88.3) 2.7 35.3 6.5

Skin 0.1 (5.7) 1.2 (94.3) 4.0
Adipose tissue 0.2 (11.8) 1.5 (88.2) 6.5
Nerve (sural)
Left heel 1.5 (20.8) 5.6 (79.2) 13.5
Right heel 1.7 (20.3) 0.7 1.0 6.8 (79.7) 3.2 3.6 12.5

Patient 2
Plasma 3.6 181 1.0
Skin 0.1 (7.0) 1.3 (93.0) 4.0
Adipose tissue 0.2 (18.2) 0.9 (81.8) 11.0

Values are mg/g dry weight of tissue. The numbers in parentheses are percentage of total sterols.
aRatio in plasma was designated as 1.00.
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similar time points. This is evidence for the intact blood-
brain barrier for cholestanol and cholesterol.

Isotopic equilibration between liver, bile, and plasma
cholestanol after intravenous [4-14C]cholestanol

The data presented in Table 6 show that liver
cholestanol-specific activity was more than double the
plasma cholestanol-specific activity in both patients at
7–8 days after an intravenous dose of [4-14C]cholestanol.
Biliary cholestanol-specific activity equilibrated to only 22%
of that in liver in patient 1 and to 47% in patient 2.

Sterol composition of autopsy samples from patient 1

During the course of our study, patient 1 died from an
accidental fall at home. Tissues were obtained for cho-
lesterol and cholestanol analysis. The plasma and 14 dif-
ferent tissues were analyzed. The plasma cholesterol and
cholestanol concentrations were 118 and 3.2 mg/dl, re-
spectively (Table 7). Tissue cholestanol level varied from
0.08 mg/g in periadrenal fat to 76.16 mg/g in cerebel-
lar xanthoma. The cholestanol-to-cholesterol ratio varied
greatly among the tissues. Most notably, high ratios were
found in nerve tissues. Plant sterols were not found in the
brain tissue.

Calculation of relative cholestanol-to-cholesterol ratios

To compare the relationship of these two sterols (cho-
lesterol and cholestanol) and, in turn, shed some light on
the metabolism of these two sterols in different tissue
compartments, we designated the cholestanol-to-choles-
terol ratio as 1.0 in the plasma. Other tissues had ratios
relative to plasma and varied greatly, up to 30-fold in the
cerebellar xanthoma. The relative cholestanol-to-choles-
terol ratios of all tissues (total of 18 tissues from both
autopsy and biopsies) are presented in Fig. 1. All tissues
(except liver) had higher ratios than plasma. Liver and
plasma had the same ratio. The ratio of pericardial fat
was 3. That of adrenal cortex was 5. The brain tissue ratio
varied between 9 and 14. The cerebellar xanthoma had the
highest ratio, 30. No plant sterols were found in the tissues,
including nerve tissue. The same relative ratio between
plasma and liver indicated rapid equilibration between
these compartments. The higher ratio in nonnerve tissues

can be attributable to two possibilities: 1) selective reten-
tion of cholestanol in the tissue and less uptake of cho-
lesterol from the blood; or 2) increased conversion of
cholesterol to cholestanol. For nerve tissue, if the blood-
brain barrier is intact, there are two possibilities for the
high concentrations of cholestanol: 1) increased syntheses
of cholestanol from cholesterol; or 2) the conversion of
an intermediate product to cholestanol after the inter-
mediate product enters the nerve tissue, as will be dis-
cussed below.

DISCUSSION

The principal findings of this investigation are as fol-
lows: 1) the blood-brain barrier was intact to the passage
of both cholesterol and cholestanol; 2) there was an es-
pecially high content of cholestanol in the nerve tissue,
which led to an especially high cholestanol-to-cholesterol
ratio (the implication of these findings is that brain syn-
thesis accounts for the large amount of cholestanol in the
brain); 3) the whole body synthesis of cholestanol was also

TABLE 6. Isotopic equilibration between plasma, liver, and bile cholestanol after an intravenous dose
of [4-14C]cholestanol

Cholestanol-Specific Activities Percent of Equilibration

Patient Days after Intravenous Isotope Plasma Livera Bileb Liver/Plasma Bile/Liver Bile/Plasma

dpm/mg

1 2 352,381 — 263,077 75
7 91,892 225,077 50,071 245 22 54

49 4,890 — 3,747 77
2 3 167,513 139,403 83

8 27,136 62,176 29,555 229 47 109
72 1,562 1,437 92

aLiver cholesterol was 0.013 and 0.119 mg/g dry weight for patients 1 and 2, respectively.
b Bile cholesterol was 0.90, 1.11, and 0.63 mg/100 ml for patient 1 at 2, 7, and 49 days and 0.20, 0.19, and

0.17 mg/100 ml for patient 2 at 3, 8, and 72 days.

TABLE 7. Cholesterol and cholestanol composition in plasma and
tissue of CTX patient 1

Sterol Composition

Specimen Cholesterol Cholestanol
Relative Cholestanol-
to-Cholesterol Ratioa

Plasma (mg/dl) 118.00 3.20 1.00
Tissues (mg/g)
Liver 11.59 0.38 1.00
Myocardium 3.46 0.13 1.33
Iliac atheroma 19.66 1.18 2.00
Pericardial fat 2.06 0.13 2.00
Kidney 10.82 0.78 2.33
Psoas muscle 0.73 0.09 4.00
Periadrenal fat 0.74 0.08 3.67
Adrenal medulla 31.00 3.71 4.00
Adrenal cortex 55.21 8.52 5.00
Cerebrum, gray 45.29 12.57 9.33
Cerebrum, white 65.48 23.33 12.00
Cerebellum, gray 55.69 21.98 13.33
Cerebellum, white 85.33 36.05 14.00
Cerebellar xanthoma 85.15 76.19 30.00

aRatio in plasma was designated as 1.00.
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increased; and 4) there was cholestanol absorption from
the diet. Each of these topics will be discussed sequentially.

The peripheral nerve biopsies obtained at 49 and
87 days after an intravenous dose of [4-14C]cholesterol
did not show any radioactivity in either the cholesterol or
the cholestanol fraction of the nerve. This finding sug-
gested that the brain-nerve barrier for these sterols was
intact in these patients. This barrier would prevent the
transport of sterols from the blood into nerve tissue. The
blood-nerve barrier is similar to the blood-brain barrier
(19). The blood-brain barrier, therefore, is intact in these
patients as well. Our finding of a high cholestanol-
to-cholesterol ratio in the nerve tissue, compared with
liver and other tissues, is consistent with this interpreta-
tion. Furthermore, with a disrupted blood-brain barrier,
plant sterols, such as sitosterol, should be found in milli-
gram quantities in the brain. We found no plant sterols.
Three other analyses of brain tissue from CTX patients, by
Menkes, Schimschock, and Swanson (20), Salen (21), and
Philippart and van Bogaert (22), did not allude to plant
sterols in their GLC analyses. These data further attest to
the intactness of the blood-brain barrier in the CTX
syndrome. However, Salen and colleagues (23) have pos-
tulated that bile acid alcohols in CTX alter the blood-brain
barrier and allow circulating apolipoprotein B-100 to enter
the central nervous system. The reason for this discrep-
ancy is not clear.

The two CTX brothers whom we studied had already
suffered severe neurological damage. We surmise that this
disease is progressive with time. The older the patient, the
greater the deposition of cholestanol in the nerve tissue
and the greater the ratio of cholestanol to cholesterol in
the brain. This progression is also seen in the cataract
formation in the lens, which does not become manifested
until late childhood. CTX children are probably normal
at birth but may develop intractable diarrhea. This “cho-
lestanol progression” of the disease makes therapy with
chenodeoxycholic acid even more important (6), and early
diagnosis by genetic screening at birth would be impor-
tant to implement. However, still to be understood is how
therapy with chenodeoxycholic acid will stop cholestanol

production in the brain. The decline of cholestanol levels in
cerebrospinal fluid (23) suggests that chenodeoxycholic
acid crosses the blood-brain barrier and, as a product, then
inhibits cholestanol production in the brain, liver, and
other tissues by feedback inhibition.

Norlin and colleagues (24) have postulated a number of
pathways in the CTX syndrome that can lead to increased
amounts of cholestanol in the tissues. All tissues of the
body express the CYP27A1 gene, so the metabolism of
oxysterols may be important in extrahepatic tissues as well
as in the liver. An attractive mechanism is that in CTX, the
accumulation of cholestanol could be caused by a reduced
removal of the sterol from macrophages because of a
deficiency in CYP27A1 in the macrophages (6). Menkes,
Schimschock, and Swanson (20), the discoverers of cho-
lestanol storage in this disease, had, in fact, postulated
a defect in the transport of cholesterol across the cell
membrane in CTX syndrome, with the result that excess
cholesterol may be converted to cholestanol, which is
stored either as the free or the esterified form. This hy-
pothesis has, as one of its attractive premises, that there is a
marked limitation of capacity for the removal of chole-
stanol from cells. The data of Gardner-Medwin et al. (25)
and Derby et al. (26) on the in vivo labeling of cerebral
and cerebellar sterols in one CTX patient provide some
support to the idea of a deficiency in the mechanism for
the removal of cholestanol from tissues. Bjorkhem (27)
showed net flux of 7-hydroxy-3-oxo-4 cholestenoic acid out
of the human central nervous system. Because this oxy-
sterol is a metabolic product of 27-hydroxycholesterol, it is
conceivable that a reduction in output of this oxysterol
could lead to cholestanol overaccumulation in the brain.
We suggest that HDL, because of its well-known role in the
reverse cholesterol transport process, may be involved. In
CTX patients, HDL cholesterol and apolipoprotein A com-
position have been reported to be abnormally low (28).

However, the most attractive explanation for a large
amount of cholestanol in the tissues of CTX patients is an
exaggerated synthesis of cholestanol as a result of the C27-
hydroxylase deficiency (6). The synthesis of cholestanol
has been depicted in elegant pathways by Norlin and

Fig. 1. Relative cholestanol-to-cholesterol ratios of tis-
sues in cerebrotendinous xanthomatosis patients rela-
tive to plasma, in which the ratio was assumed to be 1.0.
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colleagues (24). Perhaps the simplest pathway is that the
7a-hydroxy-4-cholesten-3-one formed from cholesterol in
the tissues is the normal precursor for chenodeoxycholic
acid. In the absence of CYP27A1, chenodeoxycholic acid is
not formed, and the secondary pathway to cholestanol
from 7a-hydroxy-4-cholesten-3-one results. This possible
alternative pathway for the accumulation of cholestanol in
the brain of CTX patients could result from the uptake
of this bile acid precursor (e.g., 7a-hydroxy-4-cholesten-
3-one) from the blood by the brain. This compound is
known to be converted into cholestanol in peripheral
tissues (29). But how does the explanation for the hepatic
synthesis of cholestanol apply to the nervous system, where
until now bile acid synthesis has not been demonstrated?
Recently, Mano and colleagues (30) showed that cheno-
deoxycholic acid is synthesized from 3b-hydroxy-5-
cholenoic acid by rat brain enzyme systems, and Nariyasu
et al. (31) detected bile acids in the rat brain. This cholenoic
acid may be synthesized from cholesterol via 24-hydroxy
cholesterol as an intermediate (30). Large amounts of
24-hydroxy cholesterol exist in rat brain microsomal frac-
tions (32). Although there is no evidence that cheno-
deoxycholic acid can be synthesized from cholesterol in
the brain, we speculate that there may be a pathway from
24-hydroxy cholesterol to bile acid in the brain. The muta-
tion of the CYP27A1 gene (identified in the brain) may
conceivably lead to disturbances in the synthesis of cheno-
deoxycholic acid, so that small, daily amounts of chole-
stanol are produced in the brain over many years. This
explanation would help account for the large amount of
cholestanol in the central and peripheral nervous systems.

One other defect in cholestanol metabolism in the CTX
syndrome was reported to be the increased production of
cholestanol in the body. Salen and Grundy (33) showed
that cholestanol turnover in two CTX patients and in five
human subjects (one normal and four hyperlipidemic)
conformed to the two-pool kinetics described by Good-
man and Noble (15). They reported that PRA values in two
CTX patients were 48 and 57 mg/day (average, 52.5 mg/
day), much greater than those in the control subjects
(mean, 11.8 6 6.0 mg/day; range, 6–18 mg/day). The
production rate of cholestanol in our patient wasz39 mg/
day, lower than the average value reported by Salen and
Grundy (33) in their two patients; yet, our value is z3.5
times higher than the mean value of 11.8 mg/day reported
for five normal human subjects by those authors. Thus, we
concur with the conclusion of Salen and Grundy (33) that
in the CTX syndrome, the biosynthesis of cholestanol for
the whole body is increased.

In our two CTX patients, the intestinal absorption of
cholestanol was found to be 5.5% and 3.4% after a single
oral test meal containing [4-14C]cholestanol (Table 2). In
six normal human subjects, the intestinal absorption of
cholestanol was 3.36 2.7% of the dose. In the1930s, using
balance methods, Burger and Wintersteel (34) and Dam
(35) could not demonstrate cholestanol absorption in
normal humans. To the best of our knowledge, no other
studies on cholestanol absorption in CTX have been
reported. Thus, the capacity to absorb cholestanol from

the diet by CTX patients has implications for the dietary
therapy of this disease, because cholestanol is present in
certain foods, such as eggs and high-fat dairy products.

The great accumulation of cholestanol in the cerebrum,
cerebellum, and peripheral nerves suggests that cholesta-
nol in all probability plays a key role in the neurological
dysfunction of CTX patients. Structurally, cholestanol is a
saturated sterol compared with the unsaturated choles-
terol, and it may have different electrical conductivity than
cholesterol. Replacing large amounts of cholesterol with
cholestanol (up to 30%) in the nerve tissue conceivably
would have significant effects upon function. Philippart
and van Bogaert (22) suggested that a part of the cho-
lesterol normally present in myelin as the integral part of
the cell membrane structure is replaced by cholestanol,
thereby altering the cellular membrane structure and pro-
ducing the neurological dysfunction observed in CTX.
Stahl, Sumi, and Swanson (36) have demonstrated the
presence of free cholestanol in myelin. The change in
myelin lipid composition has also been observed in the
frontal lobe of the cerebrum. This change in myelin com-
position may account for the severe changes in mentation
that are so typical in CTX.

In conclusion, although the underlying defect(s) pro-
ducing the clinical manifestations in the CTX syndrome,
particularly the neurological manifestations, has yet to
be established, the presence of high concentrations of
cholestanol in relation to cholesterol in the brain may
have important pathological consequences in CTX pa-
tients. Several hypotheses for the increased cholestanol
concentration in the brain of these patients have been
postulated based upon the presence of CYP27A1 and the
synthesis of chenodeoxycholic acid by a brain enzyme
system. In the absence of the CYP27A1 gene, the pathway
to chenodeoxycholic acid from cholesterol is blocked,
with diversion then to the synthesis of cholestanol. This
hypothesis fits the data of an intact blood-brain barrier for
cholestanol and cholesterol and the high cholestanol-
to-cholesterol ratio in the brain compared with the plasma
and other nonnerve tissue. Cholestanol may be synthe-
sized in the brain from cholesterol or from a circulating
precursor to chenodeoxycholic acid synthesis that enters
the brain. The removal of cholestanol from the brain
could also be impaired and result in its accumulation in
nerve tissue.
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