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Hydrophilic 7�-Hydroxy Bile Acids, Lovastatin, and Cholestyramine Are
Ineffective in the Treatment of Cerebrotendinous Xanthomatosis

Ashok K. Batta, Gerald Salen, and G. Stephen Tint

e compared the effect of treatments with hydrophilic bile acids (ursodeoxycholic and ursocholic acids), cholestyramine, and

ovastatin versus chenodeoxycholic acid in 4 patients with cerebrotendinous xanthomatosis (CTX). Bile acids and bile alcohols

n plasma, bile, and urine before and after treatment were quantitated by gas-liquid chromatography. Untreated, all patients

howed abnormal biliary bile acid composition: cholic acid (72.7%) and chenodeoxycholic acid (6.2%), and polyhydroxylated

27-bile alcohols (10.0%), and elevated plasma cholestanol levels. Treatment with hydrophobic chenodeoxycholic acid

nhibited abnormal bile acid synthesis (virtual disappearance of C27-bile alcohols from plasma, bile, and urine and marked

eduction of plasma cholestanol levels). Hydrophilic ursodeoxycholic and ursocholic acids did not inhibit abnormal bile acid

ynthesis, while cholestyramine increased abnormal bile acid synthesis (continued increased formation of polyhydroxylated

27-bile alcohols and further elevation of plasma cholestanol levels). Lovastatin did not affect abnormal bile acid synthesis or

educe plasma cholestanol levels. The results demonstrate that impaired side-chain oxidation in bile acid synthesis due to

utations of Cyp27 results in increased formation of polyhydroxylated C27-bile alcohols and cholestanol in CTX. Hydrophobic

henodeoxycholic acid, but not cholestyramine, lovastatin, or hydrophilic 7�-hydroxy acids, inhibited the abnormal synthetic

athway. The role of chenodeoxycholic acid in downregulating abnormal bile acid synthesis in CTX is emphasized.
2004 Elsevier Inc. All rights reserved.
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EREBROTENDINOUS xanthomatosis (CTX) is a rare,
recessively inherited lipid-storage disease. Clinically, af-

ected subjects present with progressive neurologic disease,
endon and tuberous xanthomas, cataracts, premature athero-
clerosis, and endocrine abnormalities. Chemically, large
mounts of cholestanol, the 5�-dihydro derivative of choles-
erol, and C27 polyhydroxylated bile alcohols accumulate and
re responsible for the development of progressive neurologic
isease, atherosclerosis, and xanthomas.1 Setoguchi et al first
eported that the oxidation and shortening of the 8-carbon
holesterol side-chain in bile acid synthesis was impaired in
TX such that formation of primary bile acids, particularly
henodeoxycholic acid, is diminished, and as a consequence,

27 polyhydroxylated bile alcohols (Fig 1) are formed in abun-
ance.2 Previous studies have demonstrated that replenishing
xogenous chenodeoxycholic acid in the enterohepatic pool
nhibits abnormal bile acid synthesis, reduces the formation of
holestanol and bile alcohols, and stabilizes the neurologic
isease.3-8 However, ursodeoxycholic acid, the 7�-hydroxy
pimer of chenodeoxycholic acid, was shown to be ineffective
nd abnormal bile acid synthesis continued.9-11 Bile acid se-
uestrant, cholestyramine, was shown to exacerbate the condi-
ion, apparently due to increased cholesterol synthesis.12 On the
ther hand, statins, which suppress cholesterol synthesis, were
hown to be ineffective when given alone to a patient with
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TX,13 while they were beneficial when administered in com-
ination with chenodeoxycholic acid.14

To gain further insight into the regulation of abnormal bile
cid synthesis and effect of therapy in CTX, we compared
reatments with chenodeoxycholic acid with its 7�-hydroxy
pimer, ursodeoxycholic acid, and even more hydrophilic, ur-
ocholic acid, on plasma and biliary concentrations and urinary
utputs of the polyhydroxylated C27-bile alcohols and the lev-
ls of cholestanol in plasma. In addition, the effect of intestinal
ile acid malabsorption produced by feeding cholestyramine
nd the inhibition of hydroxymethylglutaryl coenzyme A
HMG-CoA) reductase by treatment with lovastatin was con-
idered in the same patients with CTX.

The studies were conducted in 4 untreated CTX subjects and
howed that chenodeoxycholic acid treatment was the most
ffective and powerful inhibitor of abnormal bile acid synthesis
hat eliminated polyhydroxylated C27-bile alcohols from
lasma, bile, and urine and reduced plasma cholestanol levels.
either more hydrophilic ursodeoxycholic acid nor ursocholic

cid was effective and both failed to inhibit abnormal bile acid
ynthesis. Similarly, lovastatin did not affect abnormal bile acid
ynthesis, while cholestyramine, which further depleted the
ndogenous bile acid pool, increased abnormal bile acid syn-
hesis and the concentrations of the polyhydroxylated C27-bile
lcohols and cholestanol in plasma and urine.

MATERIALS AND METHODS

aterials

Cholic acid and nor-cholic acid were purchased from Steraloids Inc
Wilton, NH). Chenodeoxycholic acid was obtained from H. Falk,
reiburg, Germany. Ursocholic acid and ursodeoxycholic acid were
ifts from Gipharmax, Milan, Italy. Lovastatin (Mevanolin, E-Merck,
ahway, NJ) was obtained from the hospital pharmacy. Sep-pak C18

artridges were purchased from Waters Associates (Milford, MA). The
cetone powder of cholylglycine hydrolase [from Clostridium perfrin-
ens(welchii)], �-glucuronidase (from Helix pomatia), and Sil-Prep
for preparation of the trimethylsilyl ether derivatives) were purchased
rom Sigma Chemical Co (St Louis, MO). Methanolic hydrochloric
cid was obtained from Supelco (Bellefonte, PA). The bile alcohols,

,

�-cholestane-3�,7�,12�,25-tetrol and 5�-cholestane-3�,7�,12�,24(R
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557HYDROPHILIC BILE ACIDS IN CTX
nd S),25-pentols were synthesized from cholic acid, and 5�-choles-
ane-3�,7�,12�,23R,25-pentol was isolated from the bile of a patient
ith CTX as described previously.6,15,16

linical

Studies were performed in 4 unrelated male CTX homozygotes. The
linical histories of the patients are described in Table 1.

xperimental Protocol

Patients 1 and 2 were treated for 4 weeks with ursodeoxycholic acid
1 g/d), followed by a 4-week wash-out period without treatment.
rsocholic acid (1 g/d) was then administered for 4 weeks, followed by

nother 4-week of wash-out period when no drug was given. Both
ubjects were then treated with 0.75 g/d of chenodeoxycholic acid for
weeks. Patients 3 and 4 were treated with 18 g/day of cholestyramine

or 4 weeks, followed by a 4-week wash-out period of no treatment.
hey were then treated with lovastatin (40 mg/d) for 15 weeks, fol-

owed by a 4-week wash-out period. They were then treated with
henodeoxycholic acid (0.75 g/d) for 4 weeks. The protocol was
pproved by the human studies committees at the Veterans Affairs
edical Center, East Orange, NJ, and University of Medicine and
entistry–New Jersey Medical School, Newark, NJ.

Fig 1. Structures of the bile acids and bile alcohols.

Table 1. Clinical Fi

Patient No. Age (yr) Sex

1 35 M Deme
Sym

2 33 M Achill
beg

315,35 47 M Spast
infe

436 38 M Spina
age
ample Collection

Blood samples were obtained from each patient before treatment and
n the last day of each treatment regimen after an overnight fast of 12
ours and collected with anticoagulant, EDTA. After centrifugation
5,000 � g for 10 minutes) to remove the red blood cells, plasma was
ollected and stored at �20°C for sterol and bile alcohol analyses. Bile
pecimens were obtained pretreatment and on the last day of each
reatment period after an overnight fast through an endoscope passed
nto the duodenum. The bile samples were stored at �20°C until used
or analysis. Twenty-four–hour urine specimens were collected before
reatment and on the last day of each treatment period and aliquots were
tored at �20°C until used.

hin-Layer Chromatography

Thin-layer chromatography of bile acid conjugates was carried out
n silica gel O plates (Analabs, New Haven, CT) in a solvent system of
hloform:methanol:acetic acid:water, 13:4:2:1 (vol/vol/vol/vol) and the
pots were visualized by spraying the plate with phosphomolybdic acid
3.5% in isopropanol) and sulfuric acid (20%) and heating at 110°C for

minutes. Rf values of representative bile acid conjugates were as
ollows: taurocholate, 0.35; taurochenodeoxycholate, 0.45; taurour-
odeoxycholate, 0.48; glycocholate, 0.63; glycochenodeoxycholate,
.72; glycoursodeoxycholate, 0.76.

as-Liquid Chromatography

Sterols and bile alcohols in aliquots of plasma, bile, and urine,
ogether with 10 �g coprostanol (for sterol measurement) or 10 �g
4-nor-5�-cholestane-3�,7�,12�,25-tetrol (for bile alcohol measure-
ent) as internal recovery standard, were silylated with 100 �l of
il-Prep (Supelco, Bellefonte, PA), for 30 minutes at 55°C. After
vaporation of solvents under N2, the trimethylsilyl (TMS) ethers were
issolved in 100 �L hexane and 1 to 5 �L was injected into the gas
hromatograph (Hewlett-Packard, Palo Alto, CA, model 5980A,
quipped with a split-splitless device for capillary columns). A fused
ilica CP-Sil-5 CP capillary column (25 m; inner diameter, 0.20 to 0.22
m) was employed and helium was used as the carrier gas at a flow

ate of 1.2 mL/min. The injector and detector temperatures were kept at
60°C. Oven temperature was initially 100°C for 2 minutes, and then
rogrammed to increase at a rate of 35°C/min to a final temperature of
62°C for analysis of sterols and 278°C for analysis of bile alcohols.17

he response factors of cholesterol and cholestanol were similar and
he correction factor was found to be 1.05 for both sterols. The response
actors of various bile alcohols were found to be similar and the
orrection factor corresponding to the peak area of the internal standard
as found to be of the order of 1.05 to 1.15 and this correction factor
as used for their quantitation. Retention times of various bile alcohols

elative to 5�-cholestane (retention time, 13.20 minutes): 5�-cholestane-
�,7�,12�,25-tetrol, 2.01; 5�-cholestane-3�,7�,12�,24R,25-pentol,
.63; 5�-cholestane-3�,7�,12�,24S,25-pentol, 2.66; 5�-cholestane-

s in CTX Patients

Clinical Findings

spinal cord paresis, Achilles tendon xanthomas, xanthelasma.
s began at age 18.
don xanthomas, tuberous xanthomas of forearm. Symptoms
age 15.

plegia, cerebellar ataxia, Achilles tendon xanthomas, right
uadrant anopsia in both eyes. Symptoms began at age 12.
paresis, Achilles tendon xanthomas. Symptoms began at
nding

ntia,
ptom

es ten
an at
ic par
rior q
l cord
22.
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558 BATTA, SALEN, AND TINT
�,7�,12�,23R,25-pentol, 2.59; 5�-cholestane-3�,7�,12�,23S,25-
entol, 2.56.18

Bile acid conjugated were deconjugated with cholylglycine hydro-
ase and the free bile acids were first converted into their methyl esters
100 �L methanolic hydrochloric acid, 15 minutes at room tempera-
ure, followed by evaporation of volatile solvents under N2 at 55°C)
nd then converted into their TMS ether derivatives. Nor-deoxycholic
cid was used as the internal recovery standard. The methyl ester-TMS
ther derivatives were dissolved in 100 �L hexane and 1 to 3 �L was
njected into the gas-chromatograph for quantitation. Retention times
f various bile acids relative to 5�-cholestane (retention time, 13.20
inutes): lithocholic acid, 1.34; deoxycholic acid, 1.45; chenodeoxy-

holic acid, 1.49; cholic acid, 1.53; ursodeoxycholic acid, 1.57 and
rsocholic acid, 1.62.19

ass Spectrometry

The mass spectra of the bile alcohols, when needed, were obtained
n a Hewlett-Packard Model 5972A mass-selective detector coupled to
Model 6890 gas chromatograph using a 25-m CP-Sil-5 CB capillary

olumn.20

solation of Sterols and Bile Alcohols

Plasma sterols were isolated as described by Salen et al.8,13 Briefly,
lasma (0.2 mL), to which 10 �g coprostanol was added as internal
ecovery standard, was saponified by heating with 3 mL of 0.5N
thanolic sodium hydroxide for 2 hours at 80°C, followed by extraction
f sterols with hexane (4 � 4 mL). Hexane extracts were evaporated to
ryness, and residue was subjected to TMS ether formation and an
liquot was injected onto the gas-liquid chromatograph column.

Bile alcohols and bile acids were isolated from plasma (1 mL), bile
0.2 mL), and urine (2 mL). Internal standards of 24-nor-5�-choles-
ane-3�,7�,12�,25-tetrol (10 �g) and nor-deoxycholic acid (10 �g)
ere added to each sample, which was then subjected to enzymatic

Table 2. Effect of Treatments on Plasm

Treatment
Patient

No.
Cholesterol

(mg/dL)
Cho

(m

Patients 1 and 2
Untreated 1 191 2

2 173 2
UDCA 1 180 2

2 196 2
UCA 1 202 2

2 182 2
CDCA 1 190 0

2 202 0

Patients 3 and 4
Untreated 3 180 2

4 162 2
Cholestyramine 3 151 2

4 172 2
Lovastatin 3 144 2

4 152 2
CDCA 3 188 0

4 205 0
Control (n � 6)

Untreated 185 � 5 0.2

NOTE. Values represent the mean values from 2 measurements.
Abbreviations: 25-Tetrol, 5�-cholestane-3�,7�,12�,25-tetrol; Pentol

5-pentol � 5�-cholestane-3�,7�,12�,24R,25-pentol; tr, trace.
ydrolysis with cholylglycine hydrolase and �-glucuronidase. The lib- a
rated free bile alcohols and unconjugated bile acids were isolated by
assing through a pre-washed Sep-pak column and the bile alcohols
nd bile acids were separated via alkali treatment as described in detail
y Batta et al.6 The fraction containing bile alcohols was subjected to
MS ether formation, dissolved in 100 �L hexane, and 1 to 5 �L was

njected into the gas chromatograph. The fraction containing bile acids
as first subjected to methyl ester formation followed by TMS ether
erivatization. After extraction into 100 �L hexane, 1 to 5 �L was
njected into the gas chromatograph. All compounds were quantitated
y gas-liquid chromatography and their structures were confirmed by
as chromatography–mass spectometry.

RESULTS

Significant amounts of 5�-cholestane-3�,7�,12�,25-tetrol
nd 5�-cholestane-pentols were found in the plasma from all 4
ntreated CTX patients, whereas these compounds were not
etected in the plasma from 6 control subjects (Table 2).
imilarly, all CTX patients had 10- to 15-fold higher levels of
holestanol as compared with control subjects (0.2 � 0.2
g/dL). Bile alcohols were also increased in the bile and urine

f these patients (Tables 3 and 4) and consistent with earlier
bservations, biliary bile alcohols were found to mirror plasma
ile alcohols in that 5�-cholestane-3�,7�,12�,25-tetrol was the
redominant bile alcohol, whereas the more polar 5�-choles-
ane-pentols conjugated with glucuronic acid predominated in
he urine from both patients.

Table 2 shows the effect of the various treatments on plasma
ile alcohol and cholestanol levels in the CTX patients. Cho-
estanol levels did not decline after treatment with ursodeoxy-
holic acid in patients and tended to increase after ursocholic
cid, cholestyramine, and lovastatin treatments (13.5%, 27.4%,

rols and Bile Alcohols in CTX Patients

ol 25-Tetrol
(mg/dL)

Pentols
(mg/dL)

Total Bile Alcohols
(mg/dL)

0.80 0.84 1.64
0.92 0.82 1.74
1.10 0.90 2.00
0.94 0.98 1.92
1.26 1.00 2.26
1.30 1.11 2.41
0.04 0.05 0.09
0.06 0.06 0.12

0.73 0.44 1.17
0.85 0.50 1.35
1.20 0.88 2.08
1.27 0.89 2.16
0.67 0.44 1.11
0.60 0.40 1.00
0.02 0.05 0.07
0.02 0.04 0.06

9 tr tr tr

cholestane-3�,7�,12�,23R,25-pentol � 5�-cholestane-3�,7�,12�,24S,
a Ste

lestan
g/dL)

.30

.42

.22

.34

.80

.56

.36

.39

.36

.16

.86

.90

.40

.48

.35

.32

� 0.1

s, 5�-
nd 8.0%, respectively), even though cholesterol levels de-
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559HYDROPHILIC BILE ACIDS IN CTX
Table 3. Effect of Treatments on Biliary Bile Acid and Bile Alcohol Composition in CTX Patients

Treatment
Patient

No.
NCA
(%) CA (%)

CDCA
(%)

DCA
(%)

UDCA
(%)

UCA
(%)

Other*
(%)

Bile Alcohols†
(%)

Patients 1 and 2
Pretreatment 1 4.3 61.0 8.6 3.3 1.3 — 4.3 17.2

2 4.2 68.0 8.6 3.5 0.5 — 4.3 10.8
UDCA 1 4.0 18.0 13.5 0.9 43.1 — 7.3 13.2

2 4.8 19.0 14.7 0.9 43.1 — 6.7 10.8
UCA 1 2.4 39.3 2.4 5.9 — 27.8 5.2 17.0

2 2.4 30.2 2.4 5.5 — 33.7 4.6 21.0
CDCA 1 tre 3.0 89.0 — 6.5 — 1.0 0.5

1 tr 3.0 82.0 — 13.5 — 1.0 0.5

Patients 3 and 4
Pretreatment 3 2.8 77.0 3.9 2.0 — — 7.7 6.6

4 2.8 84.6 3.7 1.8 — — 1.7 5.4
Cholestyramine 3 4.0 46.4 2.2 2.2 — — 18.2 27.0

4 4.6 40.0 2.2 2.2 — — 22.2 28.8
Lovastatin 3 3.4 79.0 3.5 1.9 — — 4.8 7.4

4 2.2 82.2 4.1 1.9 — — 4.6 5.0
CDCA 3 tr 1.0 83.4 1.0 13.0 — 1.0 0.6

4 tr 1.0 85.6 1.0 11.0 — 1.0 0.4
Control (n � 6)

Untreated tr 31 � 6 34 � 8 27 � 6 5 � 3 2 � 2 1 � 1 tr

NOTE. Values represent the mean values from 2 measurements.
Abbreviations: NCA, nor-cholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; UDCA, ursodeoxycholic acid; UCA,

rsocholic acid.
*Contains 1 or more of the following: 1-Hydroxy-cholic acid, 1-hydroxy-deoxycholic acid, 1-hydroxy-ursodeoxycholic acid, 23�-hydroxycholic

cid, hyocholic acid, lithocholic acid.
†5�-cholestane-3�,7�,12�,25-tetrol; 5�-cholestane-3�,7�,12�,23R,25-pentol; 5�-cholestane-3�,7�,12�,24S,25-pentol, and 5�-cholestane-
�,7�,12�,24R,25-pentol.
Table 4. Effect of Treatments on Urinary Bile Alcohol Output in CTX Patientsa

Treatment
Patient

No.
25-Tetrol

(%)
23R-Pentol

(%)
24S-Pentol

(%)
24R-Pentol

(%)
Total

(mg/d)

Patients 1 and 2
Pretreatment 1 8 36 30 26 275

2 8 44 26 22 235
UDCA 1 7 43 25 25 370

2 9 44 23 24 415
UCA 1 7 46 25 22 630

2 3 58 19 20 710
CDCA 1 trc 54 25 21 8.6

2 tr 46 29 25 9.2

Patients 3 and 4
Pretreatment 3 11 32 31 26 138

4 17 28 29 26 170
Cholestyramine 3 5 55 20 20 615

4 5 45 24 26 665
Lovastatin 3 13 30 23 34 160

4 17 30 29 24 110
CDCA 3 tr 50 32 18 4.6

4 tr 50 30 20 6.2
Control (n � 6)

Untreated ND ND ND ND

NOTE. Values represent the mean values from 2 measurements.
Abbreviations: 25-Tetrol, 5�-cholestane-3�,7�,12�,25-tetrol; 23-pentol, 5�-cholestane-3�,7�,12�,23R,25-pentol; 24S-pentol, 5�-cholestane-
�,7�,12�,24S,25-pentol; 24R-pentol, 5 �-cholestane-3�,7�,12�,24R,25-pentol; ND, not detected.
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560 BATTA, SALEN, AND TINT
reased 13.5% with lovastatin. However, chenodeoxycholic
cid feeding significantly reduced cholestanol levels to ap-
roach those seen in control subjects and tended to raise cho-
esterol levels such that the ratio of cholesterol/cholestanol rose
n all patients to approach values in controls. In agreement with
he cholestanol findings, the treatments with ursodeoxycholic
cid, ursocholic acid, cholestyramine, and lovastatin did not
educe the levels of plasma bile alcohols. Moreover, plasma
ile alcohols seemed to increase after 4 weeks of cholestyra-
ine feeding to patients 3 and 4, as well as in patients 1 and 3

fter feeding ursocholic acid. In contrast, treatment with che-
odeoxycholic acid for 4 weeks reduced bile alcohol levels by
4% in the plasma in all 4 CTX patients.
Biliary bile acid pattern in the CTX subjects differed from

ontrols. Thus, as seen in Table 3, cholic acid was the major
ile acid in all patients, accounting for as much as 80.8% of
otal bile acids. Cholic acid was present mainly as the taurine
onjugate as determined by thin-layer chromatography where
o unconjugated cholic acid was detected in bile.6 In addition
o cholic acid, significant amounts of nor-cholic and 23-hy-
roxycholic acids were also found in the bile and urine of the
atients.21 Chenodeoxycholic and deoxycholic acids were only
inor components in the bile. Feeding ursodeoxycholic acid or

rsocholic acid to patients 1 and 2 greatly increased the pro-
ortions of the 2 fed bile acids in the bile and they became the
redominant bile acids. Whereas feeding ursodeoxycholic acid
lso increased the proportion of biliary chenodeoxycholic acid
ue to intestinal conversion of ursodeoxycholic acid to che-
odeoxycholic acid,22,23 no such increase in the proportion of
holic acid was seen when ursocholic acid was fed and the
roportion of deoxycholic acid was only slightly increased,24

ue to reduced bacterial 7-dehydroxylation in these patients as
lso evidenced by reduced proportions of deoxycholic acid in
ile from untreated patients (Table 3). Both nor-cholic and the
3-hydroxycholic acids were still present in proportions similar
o those seen in pretreatment samples. Lovastatin feeding did
ot appreciably change the biliary bile acid pattern in patients
and 4 from their pretreatment pattern,13 but cholestyramine

eeding significantly increased the proportions of nor-cholic
cid and 23-hydroxycholic acid. As expected, on feeding, che-
odeoxycholic acid became the predominant biliary bile acid in
ll patients although significant amounts of ursodeoxycholic
cid were also detected.22 Nor-cholic and the 23-hydroxycholic
cids virtually disappeared (Table 3).

Biliary bile alcohol levels also were not reduced with any
reatment regimen except when chenodeoxycholic acid was
nstituted in the patients (Table 3). Cholestyramine treatment
ignificantly increased the proportions of biliary bile alcohols
n the patients due to increased cholesterol 7�-hydroxyla-
ion,25,26 while lovastatin did not reduce their proportions.13

lthough the proportions of bile alcohols did not change on
eeding ursodeoxycholic acid, ursocholic acid feeding in-
reased the proportion of all bile alcohols by 50%. Since the
ile acid pool increases when these bile acids are fed to hu-
ans,24,27,28 the absolute amounts of bile alcohols may also

ave been significantly increased in our patients. Only trace
mounts of bile alcohols were detected when chenodeoxycholic
cid was fed to the patients.
Greatly increased amounts of 23-hydroxycholic acid and v
or-cholic acid were excreted in the urine of all patients (data
ot shown). These hydrophilic bile acids are virtually absent in
rine of control subjects. Both ursodeoxycholic and ursocholic
cids were the major bile acids excreted in the urine when fed
o patients 1 and 2, and more than half of the fed ursocholic
cid was excreted daily in the urine (Batta AK, Salen G,
npublished data). Excretion of nor-cholic and 23-hydroxy-
holic acids was also increased on feeding hydrophilic ursode-
xycholic and ursocholic acids. Lovastatin again had no sig-
ificant effect on urinary bile acid excretion, but significantly
ncreased amounts of 23-hydroxycholic acid were excreted
hen cholestyramine was fed to patients 3 and 4. Once again,

henodeoxycholic acid almost normalized urinary bile acid
attern and only trace amounts of nor-cholic and 23-hydroxy-
holic acids were seen in the urine.

The detrimental effect of ursocholic acid feeding was also
bserved on examination of urinary bile alcohol excretion
hen almost 2.5-fold increase in the amounts of the 5�-cho-

estane-pentols was seen in the urine (Table 4). Urinary bile
lcohol levels tended to increase from their pretreatment levels
fter ursodeoxycholic acid feeding also, but lovastatin did not
how any significant effect when fed to patients 3 and 4.
holestyramine feeding resulted in almost 4-fold increase in
xcretion of urinary bile alcohols in patients 3 and 4 (Table 4).
henodeoxycholic acid resulted in a 30 to 40-fold reduction in

he urinary bile alcohol excretion in the patients.

DISCUSSION

The results of this investigation in 4 patients with CTX
llustrate the bile acid synthetic defect and the effect of treat-
ent with hydrophilic and hydrophobic bile acids, lovastatin,

nd cholestyramine on plasma, biliary, and urinary concentra-
ions of bile alcohols and cholestanol. The bile acid synthetic
efect in CTX results from inherited mutations in CYP27 that
s involved in cleavage of the cholesterol side chain.29 As a
esult, C27-bile alcohols are formed that can not be converted to

24 primary bile acids and production and pool sizes of the
rimary bile acids, particularly chenodeoxycholic acid, are
educed.2 Cholestanol formation and levels rise in plasma and
ile because cholesterol and 7�-hydroxycholesterol are di-
erted from bile acid synthesis to cholestanol.3

It was recognized that treatment with chenodeoxycholic acid
o replace the most deficient bile acid in the pool effectively
nhibited abnormal bile acid synthesis resulting in the virtual
isappearance of C27-bile alcohols from plasma, bile, and urine
nd a marked reduction in plasma cholestanol levels.1 Coinci-
ently, there was remarkable clinical improvement with clear-
ng of dementia and stabilization of abnormal neurologic func-
ion.4 Recently, the mechanism by which chenodeoxycholic
cid downregulates bile acid synthesis has been investigated.
ccording to current information, the feedback regulation of

holesterol 7�-hydroxylase, the rate-controlling enzyme in
lassic bile acid synthesis, is carried out through the orphan
uclear receptor, FXR.30 In the nucleus of hepatocytes, FXR
ombines with RXR to form a heterodimer that requires hy-
rophobic bile acids for activation. Chenodeoxycholic acid is
ighly hydrophobic and is the most powerful ligand that acti-

31
ates the FXR/RXR heterodimer, which in turn stimulates the
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561HYDROPHILIC BILE ACIDS IN CTX
ranscription of the short heterodimer partner, SHP, that binds
o the transcription factor, FTF. The removal of FTF from the
YP7A promoter by attachment to SHP reduces CYP7A tran-

cription and the formation of 7�-hydroxycholesterol for clas-
ic bile acid synthesis. Thus, in untreated CTX subjects, where
he formation and pool of chenodeoxycholic acid are very
eficient, cholesterol 7�-hydroxylase-mRNA and activity are
pregulated and the synthesis of 7�-hydroxycholesterol is
arkedly increased.32 However, because side chain cleavage is

mpaired, synthesis of C24-bile acids, particularly chenodeoxy-
holic acid, is diminished with the diversion of precursors to
he formation of C27-bile alcohols and cholestanol. Replenish-
ng chenodeoxycholic acid in the enterohepatic pool at a daily
ose 33% greater than normal bile acid synthesis activates
XR/RXR heterodimer and downregulates CYP7A such that
nly exogenous chenodeoxycholic acid circulates in the entero-
epatic bile acid pool and the C27bile alcohols are virtually
liminated from plasma, bile, and urine, associated with a
ecline in plasma cholestanol and 7�-hydroxycholesterol lev-
ls. Thus, CTX is an example of markedly upregulated CYP7A
ith the plentiful formation of 7�-hydroxycholesterol and
ther bile acid precursors where synthesis of C24bile acids
annot be completed because of the mutated CYP27. Conse-
uently, C27bile alcohols, reflecting incomplete oxidation of
he cholesterol side chain, are formed and circulate in plasma
nd are excreted in bile and urine. It is also hypothesized that
he C27-bile alcohols, which are present as glucuronides,5 dam-
ge the blood-brain barrier and allow the uptake and deposition
f cholesterol and cholestanol attached to low-density lipopro-
eins (LDLs) in the brain with consequent nervous system
amage. In this regard, it is noteworthy that CYP27 knockout
ice with a null mutation of CYP27 do not overproduce

27bile alcohols or cholestanol and do not show a CTX phe-
otype.33 In these mice, in distinction to CTX subjects, the
lternative C-25 side-chain cleavage pathway is upregulated 3-
o 5-fold such that C27bile alcohols can be converted to cholic
cid by this alternative 25-hydroxylation side-chain cleavage
athway that is not increased in CTX.
In contrast to chenodeoxycholic acid, treatment with either

rsodeoxycholic acid, the 7�-hydroxy epimer of chenodeoxy-
holic acid, or even more hydrophilic ursocholic acid, the
�-hydroxy epimer of cholic acid, at equivalent dosage did not
ownregulate endogenous bile acid synthesis as evidenced by
he continued substantial excretion of polyhydroxylated C27bile
lcohols in urine,10 and the high concentrations of cholestanol,
nd as reported by Koopman et al, 7�-hydroxycholesterol,32 in

lasma. In contrast to chenodeoxycholic acid, both of these c
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ydrophilic bile acids are poor ligands of FXR, and therefore,
YP7A remains upregulated as FXR is deactivated.31 Due to

educed intestinal 7-dehydroxylation in patients with CTX, the
ed ursocholic acid is not appreciably transformed into deoxy-
holic acid. The result is that bile alcohol formation is rather
reatly increased after feeding ursocholic acid, as evidenced by
he increased proportion in plasma, bile, and particularly, urine.

Two additional points require discussion. When cholestyra-
ine, which binds bile acids in the intestine and reduces their

eturn to the liver, was administered to 2 patients, plasma
holestanol and urinary bile alcohol levels rose. The induced
ile acid malabsorption further depleted the endogenous bile
cid pool, increased CYP7A activity, and increased formation
f early bile acid precursors that could not be converted to

24-bile acids.12 Although not appropriate for therapy, cho-
estyramine has been suggested as a provocative test to detect
ildly affected CTX homozygotes or heterozygotes who will

espond to cholestyramine and increase urinary C27-bile alco-
ol outputs and plasma cholestanol levels when challenged.26

ore importantly, the statin drug, lovastatin, was ineffective in
educing plasma cholestanol or bile alcohol levels. Lovastatin
nhibits HMG-CoA reductase and increases the expression of
DL receptors but did not affect abnormal bile acid synthesis in
ur CTX patients. The enhanced expression of LDL receptors
ay increase the uptake of LDL enriched with cholestanol to

ncrease tissue deposition while bile alcohols continue to cir-
ulate. Moreover, the ratio of cholestanol to cholesterol, which
s normally 1:1,000, and rises to 1:100 or greater in untreated
TX patients, was not reduced by lovastatin and, thus, lova-

tatin cannot be recommended for treatment.13,34

In summary, CTX is due to inherited mutations of CYP27,
hich prevents the oxidation of cholesterol side chain such that
olyhydroxylated C27bile alcohols are formed and C24-bile
cids are deficient. The absence of chenodeoxycholic acid from
he enterohepatic circulation deactivates FXR allowing for the
pregulation of CYP7A and early bile acid synthesis, with the
iversion of 7�-hydroxycholesterol and cholesterol to choles-
anol. Replacing chenodeoxycholic acid in the enterohepatic
ool activates FXR/RXR and inhibits elevated CYP7A to
ownregulate the abnormal bile acid synthetic pathway, reduc-
ng bile alcohol and cholestanol levels. Substituting 7�-hy-
roxy bile acids, ursodeoxycholic acid, and ursocholic acid,
hich are hydrophilic, does not activate FXR and does not

nhibit abnormal bile acid synthesis nor reduce bile alcohol or
holestanol levels. Similarly, cholestyramine or lovastatin are
neffective in downregulating abnormal bile acid synthesis and

annot be recommended for treatment of CTX.
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