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A B S T R ACT Chenodeoxycholic acid (CDC), through
its metabolite, lithocholic acid (LC), is hepatotoxic in
certain species. The cause of elevations of serum
transaminase in 25% of humans ingesting CDC,
however, is unknown, but also may be due to LC. Be-
cause efficient hepatic sulfation of LC may protect
against hepatic injury, the aim of this study was to
determine if sulfation of LC might modify CDC-
induced elevations of transaminase. Pretreatment
sulfation fraction (SF) was estimated in 63 randomly
selected patients with gallstones in a double-blind
randomized trial of CDC, 750 mg/d, 375 mg/d, or
placebo; in 27 of these, SF was repeated at 1 or 2 yr.
In four other patients, the SF was measured at 2 yr
only. Serum glutamic oxaloacetic transaminase and
serum glutamic pyruvic transaminase were determined
monthly for 3 moand then every 3 or 4 mo; an elevation
of transaminase was defined as >150% of the normal
upper limit in asymptomatic patients. 10 ,Ci of 3H-
glyco-LC (sp act 84 mCi/mol) was ingested 10-12 h
before fasting duodenal biliary drainage. Bile acids
in bile were separated by thin-layer chromatography.
The SF was estimated as a percentage of total radio-
activity (scintillation counting) in sulfated glyco-LC.
The standard deviation for replicate SF determinations
(n = 311) was 2.1% The pretreatment SF (mean
60.7±+1.7 SEM) correlated inversely with age (r
= 0.336, P <0.005) and directly with the obesity
index (r = 0.495, P > 0.001), but was independent of
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sex. The SF, remeasured at 1 or 2 yr, did not change
significantly with time or CDC. Among CDG-treated
patients, elevations of transaminase occurred in 75%
of patients with a SF < 45% vs. 11% with a SF > 45%
(P < 0.001). In conclusion, a SF < 45% occurred in
patients with gallstones who had a high probability
of developing elevated serum transaminase when
treated with CDC. Thus, sulfation of lithocholate may
modify CDC-induced elevations of serum trans-
aminase.

INTRODUCTION

Chenodeoxycholic acid (CDC)' administered orally
dissolves gallstones in humans. Approximately 25%
of patients receiving CDCdevelop transient elevations
of the serum transaminase, but other hepatic chemis-
tries usually are normal and hepatic morphology is not
different from that of untreated patients with gall-
stones (1, 2). The pathogenesis and clinical signifi-
cance of these CDC-induced elevations of trans-
aminase remain to be determined.

CDC is converted in humans by intestinal micro-
organisms to lithocholic acid (LC) (3). Dose-related
biochemical and morphological hepatotoxicity of CDC
has been demonstrated in Rhesus monkeys (4, 5) and
baboons (6). The hepatoxicity of CDCappears to be
due to hepatobiliary accumulations of LC (7, 8).
Hepatic sulfation of LC produces a more excretable
form of LC and thereby is a major determinant of

'Abbreviations used in this paper: CDC, chenodeoxy-
cholic acid; LC, lithocholic acid; NCGS,National Cooperative
Gallstone Study; SF, sulfation fraction; SGOT,serum glutamic
oxaloacetic transaminase; SGPT, serum glutamic pyruvic
transaminase.
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hepatobiliary levels of LC (9, 10). Sulfated LC also may
be less toxic than nonsulfated LC (7, 11, 12). Species
that sulfate LC poorly, e.g., Rhesus monkeys (13) and
baboons (14), manifest CDC-induced elevations of
biliary LC and hepatotoxicity. Species that sulfate LC
efficiently, e.g., chimpanzees (12) and humans (15),
may be protected from toxic accumulations of LC.

Most humans sulfate LC efficiently (15). Stiehl et al.
(16), however, reported a wide variation among in-
dividuals in the percentage of sulfated LC in bile
(20-90% of total LC). Sulfation of LC, assessed by
administration of radiolabeled LC, is a reproducible
measurement within individuals even during treat-
ment with CDC (17, 18). The suggestion has been
made, therefore, that the ability of sulfate LC may be
a genetically determined characteristic (19). Moreover,
individuals with an impaired ability to sulfate LC might
be analogous metabolically to species of animals that
sulfate LC poorly and are susceptible to CDC-induced
hepatic abnormalities. Accordingly, the aim of this
study was to determine whether the degree of sulfa-
tion of administered radiolabeled LC was a modifier
of CDC-induced elevations of serum transaminase.

METHODS

Experimental design. The patients were participants in
the National Cooperative Gallstone Study (NCGS), a multi-
center, double-masked, clinical trial of randomly allocated
oral CDC(750 or 375 mg/d) vs. placebo for 2 yr for the dis-
solution of gallstones in 1,000 patients (20). Potential hepato-
toxic agents and antihyperlipidemic or other drugs known to
influence the composition of lipids were proscribed. 67 of the
142 patients, 25 receiving 750 mg/d CDC, 17 receiving
375 mg/d CDC, and 25 receiving placebo at Cedars-Sinai
Medical Center (1 of the 10 centers in the NCGS), underwent
a total of 98 studies of sulfation with informed consent ac-
cording to the principles of the Declaration of Helsinki.

Studies of sulfation were done in conjunction with cholecy-
stokinin-stimulated duodenal biliary drainage, which was
performed as a routine procedure in the NCGSwith the
patient fasting before treatment and at the month 12 and 24
visits. The patients had not received radiographic contrast
material or BSPwithin 72 h preceding the duodenal drainage.
Studies of sulfation were done before treatment in 63 patients;
before treatment and at 1 yr in 22 patients, four of whomhad
a third study at 2 yr; before treatment and at 2 yr in five
patients; and only at 2 yr in four patients. Patients who had
studies done before treatment and at 1 yr were selected ac-
cording to a scheme for randomization; the studies done at
2 yr were done in all available patients who agreed to partici-
pate. Thus, 63 studies were done before treatment, 22 at 1 yr
and 13 at 2 yr (Table I).

Serum glutamic oxaloacetic (SGOT) and pyruvic (SGPT)
transaminases were determined before treatment, monthly
the first 3 mo, every 3 mo the remainder of yr 1, and every
4 mo, yr 2. The transaminases were measured independently
by the clinical laboratory at Cedars-Sinai and by the central
serum laboratory of the NCGS (Bio-Science, Van Nuys,
Calif.). A CDC-induced abnormality of serum transaminase
was predefined by the NCGS (20) as a confirmed (im-
mediately repeated) elevation >150% of the upper limit of

TABLE I

Experimental Design: Numbers of Patients Studied
and Sulfation Fractions Determined

Sulfation fractions*

Number of patients Pre Rx 1 yr 2 yr

36 36 -
18 18 18
4 4 4 4
5 5 5
4 - 4

67 63 22 13

n = 98.

normal at either of the testing facilities. Elevations of serum
transaminase associated with biliary pain were excluded to
eliminate gallstone-induced elevations. Biliary pain was de-
fined as a steady pain of moderate or severe intensity,
usually located in the upper abdomen, and lasting > 15
min. Elevations of serum transaminase were followed by re-
peating the determinations every 2 wk until resolution.

The studies of sulfation were done without knowledge of
the treatment assignments of patients or the results of the
determinations of serum transaminase or biliary lipids or bile
acids. The results were analyzed statistically using t tests and
analysis of variance.

Lithocholic acid sulfation fraction. The sulfation fraction
(SF) was defined as the percentage of recovered radio-
labeled LC in the bile as sulfated LC. 10 yiCi of glyco-
lithocholic acid (lithocholic-3H(G) sp act 84 mCi/mmol,
New England Nuclear, Boston, Mass.) in cherry syrup
(Parke-Davis, Div. of Warner-Lambert Company, Morris
Plains, N.J.) was administered orally at 10:00 p.m. the night
before the patient was scheduled for biliary drainage.

Duodenal intubation was performed between 8:00 and
10:00 a.m. after a 12-16 h overnight fast. A single lumen tube
was positioned in the third part of the duodenum under
fluoroscopic control, and the duodenum was flushed with 50
ml of 370C normal saline. Contraction of the gallbladder then
was stimulated by intravenous cholecystokinin, 75 Ivy units
in 10 ml saline administered over 1-2 min. A 20-40-ml
sample of concentrated bile was obtained, mixed thoroughly,
and maintained at 370C.

A 1.0_cm3 aliquot of the collected bile was placed in 19 cm3
95% ethyl alcohol and the cholesterol was extracted three
times with petroleum ether. The alcohol phase containing
the bile acids was dried in vacuo and reconstituted in 2-3 cm3
methanol. No loss of isotope occurred during this extraction.

Thin-layer chromatography was performed using silica
Gel H plates (Brinkmann Instruments, Inc., Westbury, N. Y.)
and two solvent systems: Hofmann's (21) S-VIII n-propanol/
proprionic acid-isoamylacetate/water 10:15:20:5 (vol/vol)
and Palmer's (20) Butanol 3 N-butanol/0.01 M Tris buffer/
proprionic acid [50:9.25:0.75 (vol/vol)]. An aliquot of the
methanol solution containing a known amount of radio-
activity was applied to the origin of the precoated plate along
with LC standards. The sulfolithocholylglycine standard
was synthesized from glycolithocholic acid (98% pure,
Calbiochem-Behring Corp., San Diego, Calif.), according
to the method of Fieser (22). The sulfate chromatographed
as a single spot without tailing and was separated from
glycolithocholic acid by a retardation factor of 0.20-0.25
in either solvent system (Fig. 1).
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FIGURE 1 Thin-layer chromatography of sulfated glyco-
lithocholate (SGL), sulfated taurolithocholate (STL), glyco-
lithocholate (GL), and taurolithocholate (TL). Palmer 3 and
Hofmann VIII refer to the solvent systems described in
the text.

The area on the plate containing the standards was sprayed
with 10% phosphomolybdic acid and the equivalent areas
containing glycolithocholic acid and sulfolithocholylglycine
were scraped into separate counting vials. Water (0.5 cm3)
and Aquasol (10 cm3) were added, and the radioactivity was
measured using a Searle Mark III liquid scintillation counter
(Searle Analytic, Inc., Des Plaines, Ill.) with external standard-
ization and automatic quench correction.

The SF, expressed as a percentage, was calculated as the
ratio of the amount of radioactivity in the area of sulfo-
lithocholylglycine to the amount of radioactivity applied to
the origin x 100. Virtually all radioactivity applied to the plate
was accounted for by the counts at the origin (4.8%±0.4) and
in the areas of sulfolithocholylglycine and glycolithocholic
acid. All determinations on bile specimens were done at
least in duplicate; these replicate samples (up to six, per
specimen, n = 311) exhibited a standard deviation of 2.1%.

Analyses of biliary lipids. Bile was analyzed for biliary
lipid and bile acid composition at the Central Bile Laboratory
of the NCGS(La Jolla, Calif., Dr. Scott Grundy, Director)
in order to maintain the mask of the study. Total and in-
dividual bile acids, lecithin, and cholesterol were determined
by standardized methods described elsewhere (23). All
samples containing 2% or greater LC were analyzed further
at the central laboratory for the percentage of sulfated LC
(24). The cholesterol saturation index was calculated for each
sample of bile according to the criteria of Hegardt and Dam
(25) using the Thomas-Hofmann equation (26). Procedures
for external quality control, based on masked analyses of split
duplicates, revealed that the coefficients of variation were
14% for the cholesterol saturation index, 8% for CDC, and

49% for total LC. Procedures for internal quality control
revealed a coefficient of variation of 23% for sulfated LC,
but external quality control was not available.

RESULTS

Sulfation Fractions. Fig. 2 presents a distribution
histogram of the values for SF determined in the 63
patients at base line. The mean SF was 60.7±1.7 SEM
(range, 27-89%). A break in the distribution of values
was observed at 45%. Patients with values <45%
were deemed inefficient sulfators relative to patients
with values >45%. A statistical test for normal dis-
tribution (Statistical Analysis System Institute Pro-
gram, 1979) demonstrated a significant (P < 0.01)
deviation from normality among all patients due to the
negative skewness evident in Fig. 2, suggesting that
the inefficient sulfators comprised a separate group,
recognizing the limits of the small sample size.

Significantly more of the inefficient sulfators than
efficient sulfators were married (P< 0.05) or less than
ideal body weight (P < 0.001). No other of the 24
demographic, clinical, or biochemical characteristics
tabulated at base line (20) were significantly more or
less prevalent among the inefficient sulfators. With or
without inclusion of the inefficient sulfators, the SF
tended to decline with increasing age (r = -0.336,
P < 0.005) and increase with increasing obesity index
(r = 0.495, P < 0.001), but did not correlate with sex.
The biological significance of the statistical relation-
ship between the SF and the age or obesity index,
however, is questionable because of the scatter of the
data. Also, no significant correlation was found among
the inefficient sufators between the SF and the age
or obesity index, again recognizing the limits of the
small sample size.

Although the values for SF varied considerably
among patients, values in individuals tended to re-
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FIGURE 2 Distribution histogram of the values for sulfation
fractions determined at base line in 63 patients.
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FIGuRE 3 Sulfation fractions by treatment I
and repeated at 1 or 2 yr (posttreatment).

main constant. Fig. 3 shows the SF
repeated at 1 or 2 yr in 27 patients ac
treatment assignment. The base-line
values did not differ significantly amoi
groups. Also, within each treatment g
cant difference was found between
posttreatment SF. Although the stati:
detecting differences was limited b,
small numbers of patients in each grot
same patient always were either abov4

Sulfation fractions and elevations
aminase. 11 of 67 patients develop
the serum transaminase without biliar
11 patients, 9 had received 750 mg
received 375 mgld, and 1 had re,

(Table II). All other hepatic chemistries remained
normal (20). Among the 11 patients, the percentage of

POSELINER whom were women (45%) and the mean age (62.2
I POSTPS. E yr±2.8) were not significantly different from the other

56 patients (52% women and 59.0 yr±1.3), but the
obesity index (1.048±0.04 vs. 1.153±0.03, P <0.05)
and the SF (45.8%±5.2 vs. 62.4%±1.5, P < 0.01) were
significantly lower. Patients who developed elevations
of the serum transaminase had significantly higher
(P < 0.01) levels at base line of the SGOT(34.3±1.5

-t----'----4 vs. 28.5±0.8) and SGPT(32.7±3.4 vs. 23.7±1.1) than
60 80 those who did not develop elevations of the serum

transaminase. No other of the 24 demographic, clinical,
groups at base line or biochemical characteristics tabulated at base line

(20) were significantly more or less prevalent among
the patients who developed elevations of the serum

at base line and transaminase than among those who did not. The ele-
cording to their vations of serum transaminase returned to normal with
or posttreatment continued therapy in all patients except patient 9 in
ng the treatment whom the elevation reverted to normal only when
;roup, no signifi- treatment was discontinued, at which time an hepatic
l base-line and biopsy was performed and interpreted as showing
stical power for normal morphology.
y the relatively Fig. 4 shows the percentage of patients developing
ap, values in the elevations of serum transaminase classified according
e or below 45%. to whether their SF was more or less than 45% at base
of serum trans- line or during treatment. Patients who received
ed elevations of placebo were not included in this figure because only
ry pain; of these those patients treated with CDCwere at risk for the

CDC/d, 1 had development of drug-related elevations of serum
ceived placebo transaminase. Elevations of transaminase occurred

TABLE II
Patients Having Elevations of the Serum Transaminase

Transaminase elevation

Obesity Sulfation
Patient CDC Sex Age index fraction Onset Highest level Duration

mgld yr mo %upper nl limit mo

1 750 F 60 1.077 27 12 300 1
2 750 M 54 1.073 39 9 150 1
3 750 M 68 0.877 28 2 150 3
4 Placebo F 72 0.850 31 6 200 1
5 375 M 58 0.901 33 5 300 3
6 750 F 69 1.084 39 16 150 2
7 750 M 77 0.886 41 2 300 0.5
8 750 F 57 1.189 59 2 300 2
9 750 M 49 1.150 68 3 600 3

10 750 M 51 1.143 68 1 150 1
11 750 F 69 1.300 71 1 300 1

Mean 62.2 1.048 45.8 5.4 264 1.7
Standard

error 2.8 0.04 5.2 1.5 44 0.3

* The SF determined at base line is presented except for patients 1 and 2 in whom
the SF was determined at 2 yr only.
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FIGURE 4 Elevations of serum transaminase in CDC-treated
patients in relation to their sulfation fractions (SF) determined
at base line and at 1 or 2 yr (posttreatment). All but 2 of the 6
patients with SF < 45% and 2 of the 17 patients with SF
> 45% posttreatment also had SF determined at base line.

more frequently among the inefficient sulfators, i.e.,
with SF < 45%, both at base line and during treatment
(each P < 0.001). Among patients treated with CDC,
6 (75%) of 8 patients with SF < 45% and only 4 (11%)
of 35 patients with SF > 45% had elevations of serum
transaminase (P < 0.001).

Biliary lipids. At the central bile laboratory,
sulfated LC in bile was determined only in patients
with a total LC > 2%. Accordingly, sulfated LC was
measured directly in the same bile sample in only 14
(6 at base line and 8 posttreatment) of our patients.
A significant correlation was found between the SF
and the percent sulfated LC. (r = 0.6603, P < 0.005);
however, only one of these patients had an SF < 45%
and one other patient (with an SF of 70%) had an ele-
vation of serum transaminase.

No significant correlation was found between the
SF and the proportions of any of the individual bile
acids or the cholesterol saturation index in bile. Be-
cause sulfation may protect by enhancing excretion of
LC, inefficient sulfators might be expected to have a
higher ratio of LC/CDC in bile, but this was not found.
Furthermore, no significant difference was found in the
LC/CDC ratio between patients with vs. those without
elevations of the serum transaminase. No significant
correlation was found between the proportion of total
LC or sulfated LC in bile and the SGOTor SGPT
determined simultaneously at base line and at 12
and 24 mo.

DISCUSSION

Method for determination of sulfation fraction.
The SF was calculated by determining the proportion
of labeled glycolithocholate that was sulfated, so that
variations in the recovery of the total label in bile did
not influence the results. Because as much as 50% of
nocturnal hepatic biliary secretion may bypass storage
in the gallbladder, and the degree of enterohepatic
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cycling may vary in individuals, the SF actually may
be the result of one or more hepatic clearances (27),
and therefore different absorption rates for LC and
sulfated LC might affect measurement of SF. Never-
theless, determinations of the SF in individual patients
were reproducible at 1- or 2-yr intervals.

Wedid not study diurnal variations in the formation,
absorption, or metabolism of LC, but Allan et al. (15)
found no difference in the proportion of biliary LC
between early morning and late afternoon samples
of bile from healthy controls or patients with gall-
stones. Theoretically, the SF also could be affected by
desulfation of sulfated LC in the enterohepatic system.
Although we did not measure desulfation, others have
found that this occurs to a minimal degree (9). The
predominant site of sulfation appears to be the liver
(10), but sulfotransferase activity also has been de-
tected in the intestinal mucosa (28). The influence of
extrahepatic sulfation of LC on the SF remains to be
determined. The SF was a reproducible measurement,
despite the possibility that an unknown consumption of
alcohol or viral illness might have affected the results.
No significant difference was found in the reported
amounts of alcohol consumed between the efficient
and inefficient sulfators. Finally, our patients were not
known to be ingesting drugs that are metabolized
primarily by sulfation.

Previous determinations of sulfated lithocholate.
The values for SF we found are comparable to data
reported by previous investigators who measured the
biotransformation of radiolabeled LC in humans.
Cowen et al. (18) demonstrated that 60% of an intra-
venously administered dose of radiolabeled LC was
sulfated in healthy subjects. Palmer and Bolt (11)
found 41 and 75% sulfation in two patients with
cholelithiasis studied in a similar manner. Other in-
vestigators have shown, as we did, that CDCdoes not
significantly affect the sulfation of LC. Allan et al. (15)
found equivalent degrees of sulfation of LC in patients
with gallstones as in healthy subjects. These same
investigators also reported no difference in sulfated
LC levels in the serum of patients with gallstones
before and after ingestion of CDCfor 6 mo (17). How-
ever, because the number of patients undergoing our
study during CDCtherapy was small, an effect of CDC
therapy on SF cannot be excluded with certainty.

The range of values reported for the direct measure-
ment of the percent sulfated LC in bile (16, 29) is com-
parable to the values for SF that we found after ad-
ministration of labeled LC. In contrast to the agreement
found in the biotransformation studies noted above,
however, direct measurements of sulfated LC have
yielded conflicting results in the literature with regard
to the effect of CDC. Bremmelgaard et al. (29) found no
change in the proportion of sulfated bile acids in
patients with gallstones before and after they ingested
CDCfor 3-4 mo. In contrast, Stiehl and co-workers
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(30) reported that sulfated LC increased from a base
line of 32.8 to 73.9% after 8 wk of CDC. Determination
of the SF after a shorter period of CDCtreatment in
our study might have shown an induction effect or
determinations by Stiehl and co-workers (30) after a
longer period might have eliminated the apparent
induction. In our study sufficient data were not ob-
tained on the direct measurement of the percent
sulfated LC in the bile of patients who had low values
for the SF or who developed elevations of the serum
transaminase.

Elevations of transaminase. The cause and clinical
significance of the dose-related elevations of serum
transaminase in CDC-treated patients with gallstones
remains to be determined (1, 31). Our data are in accord
with the hypothesis that CDCinduces hepatic injury
through its conversion to LC. The hypothesis is that
among inefficient sulfators, unsulfated LC derived
from CDCcauses the elevations of the serum trans-
aminase which signify acute injury to the liver.
Whether any of these subjects will develop chronic
hepatic disease remains to be determined.

Sulfation may render LC less toxic by facilitating
its excretion and reducing its hepatotoxicity (7, 11,
32-34). Sulfolithocholylglycine, however, has solu-
bility characteristics that suggest potential hepato-
toxicity (35). In fact, a recent study has shown that
glycolithocholic acid sulfate, but not lithocholic acid
sulfate or taurolithocholic acid sulfate causes cholestasis
in rats (36).

A low SF may predispose to elevations of the serum
transaminase in patients treated with CDC. It is pos-
sible, however, that inefficient sulfation is not the
cause of the elevations of transaminase because both
the low SF and hypertransaminasemia could result
from an inapparent hepatic disease or a metabolic de-
rangement. For example, patients who developed
elevations of the serum transaminase had higher levels
of serum transaminase within the normal range at base
line. Furthermore, some individuals might have en-
hanced bacterial conversion of CDCto LC, resulting
in increased LC absorption that exceeds the capacity
of the liver to sulfate.

If inefficient sulfation persists, then persistent (rather
than transient) elevations of the serum transaminase
might be expected, but have been observed only
occasionally (1, 31). Although the SF remained con-
stant, it is possible that greater differences might have
been seen if the SF had been determined also at the
time of elevations of the transaminase. An adaptive
mechanism could be postulated to explain the transient
elevations of serum transaminase. Alternatively, be-
cause the formation, intestinal absorption, and hepatic
transport and metabolism of LC may vary, the eleva-
tions of the transaminase may be caused by an in-
creased flux of LC through the liver. This variability
also could explain the absence of an increased LC/CDC

ratio in the bile of the inefficient sulfators, and of
patients who developed elevations of the serum
transaminase, and the lack of correlation between
the total LC or sulfated LC in bile and the SGOTor
SGPT. In addition, the poor reproducibility for the
determination of LC in bile is of concern.

The fact that ursodeoxycholic acid also is converted
to LC, albeit more slowly than CDC, yet appears to
induce elevations of transaminase in humans only in-
frequently (37) militates against the hypothesis of
hepatotoxicity mediated by LC. The question of hepa-
tic injury by ursodeoxycholic acid is not yet settled,
however, because in the Rhesus monkey, ursodeoxy-
cholic acid and CDC had comparable hepatotoxic
effects associated with similar increases in unsulfated
LC in bile (38). As an alternative hypothesis for hepatic
injury, increased levels of CDC in the serum may
produce elevations of serum transaminase through a
direct effect on permeability of the membrane of the
hepatocyte. We, however, did not measure bile acids
in the serum of our patients. The question of whether
CDCproduces hepatic injury by a direct mechanism
has not been answered.

The value of a test can be illustrated by calculating,
in addition to the sensitivity and specificity, the
predictive value and efficiency of the test (39). In this
study if the SF is used as a predictor of elevations
of serum transaminase in patients with gallstones, the
sensitivity was 64%, the specificity 93%, the predictive
value 78%, and the efficiency 91%. Values were
similar when the SF as a predictor was analyzed
only among patients receiving the high (750 mg/d) dose
of CDC. Determination of the SF may be analogous
to the determination of the ability of patients to acety-
late for the prediction of isoniazid-induced hepa-
toxicity. The clinical value of determining SF in
patients before therapy with CDC, however, has not
been established. Whether determination of the SF can
be applied to predict potential hepatoxicity of other
therapeutic agents also remains to be determined.
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