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Occurrence of sulfated 5a-cholanoates in rat bilel

H. Eriksson, W. Taylor,? and J. Sjévall

Department of Chemistry, Karolinska Institute, Stockholm, Sweden

Abstract Bile acids in bile from male and female rats
with cannulated bile ducts have been analyzed by repetitive
scanning gas—liquid chromatography-mass spectrometry
after initial fractionation of conjugate classes on diethyl-
aminohydroxypropyl Sephadex LH-20. Sex differences
were observed in the amounts and types of bile acids in the
sulfate fraction. The proportion of total bile acids ex-
creted as sulfates was higher in female (0.9-1.3%) than in
male (0.1-0.2%) rats. Most of the sulfated bile acids had a
5a configuration, allochenodeoxycholic acid being the ma-
jor compound in bile from female rats. This bile acid
was also present in the nonsulfate fraction but could not
be found in bile from male rats. The results indicate
that gas-liquid chromatography-mass spectrometry has
to be used to provide sufficient specificity in the bile
acid analyses. Thus, compounds from the sulfate frac-
tion having the retention times of cholic and cheno-
deoxycholic acid derivatives were found to be due to
derivatives of the 38,5a-isomers of these bile acids.

Supplementary key words allo bile acids - sex difference - ion
exchange chromatography ° gas-liquid chromatography-mass
spectrometry

The predominant primary bile acids in most verte-
brates are cholic and chenodeoxycholic acids. Deoxy-
cholic acid, the most common secondary bile acid
in bile, is formed from cholic acid by bacterial re-
moval of the 7a-hydroxyl group (see 1). The bile
acids occur in bile conjugated mainly with taurine
or glycine. Since the discovery by Palmer (2) and
Palmer and Bolt (3) of sulfated lithocholic acid con-
jugates in human bile, interest in other sulfated bile
acids has increased. For example, large amounts of
bile acid sulfates have been found in the urine of
patients with cholestatic disease (4-6).

In the course of a study of the effects of ethynyl-
estradiol on bile acid metabolism in the rat, a num-
ber of previously unidentified bile acids was found
in the sulfate fraction of rat bile. Many of these com-
pounds had the gas-liquid chromatographic—mass
spectrometric properties of ba bile acids and occurred
exclusively or predominantly in bile from female
rats. This report describes the identification of some
of the compounds as well as a detailed analysis of the
bile acid pattern of different conjugate groups in
rat bile.

MATERIALS AND METHODS

Reference compounds

The substituted 58-cholanoic acids were the same
as those used in previous investigations in this labora-
tory. We are grateful to Drs. W. H. Elliott and A.
Kallner for generous gifts of substituted 5a-cholanoic
acids.

Collection of bile

Following a number of screening analyses of bile
samples from male and female rats, a comprehensive
study was carried out using two male and two fe-
male rats of the Sprague-Dawley strain. The rats
were kept in restraining cages and had free access
to food pellets and water. Collection of bile at 12-hr
intervals was started immediately after insertion of the
bile duct cannula (at about 9 am). The samples were
stored at —20°C until analyzed.

Analysis of bile

The samples collected over the periods 0-12 hr
(mainly representing bile acids from the circulating
pool) and 48-60 hr (almost exclusively representing
bile acids produced in the liver) were analyzed in
detail. Two ml of bile were added drop by drop to
20 ml of ethanol during agitation in an ultrasonic
bath. After filtration and evaporation of the solvent,
the residue was dissolved in 2 ml of 72% aqueous
ethanol. To convert bile salts to bile acids, the solution
was passed through a 1-g column of Amberlyst A-15
in the H* form followed by 11 ml of 72% aqueous
ethanol. The effluent from this column was applied

Abbreviations: GLC-MS, gas-liquid chromatography-—mass
spectrometry.

! The terminology used throughout this paper follows “Recom-
mendations for Bile Salt Nomenclature” drawn up by an ad hoc
committee in August, 1975, published in “The Hepatobiliary Sys-
tem”. W. Taylor, editor. 1976. Plenum Press, New York. 639-641.
A preliminary account of the results of this research was pre-
sented at the 1Vth International Congress of Liver Diseases: “Liver
and Bile” in Basel, 1976.

% Present address: Physiology Department, The Medical School,
The University, Newcastle upon Tyne NE1 7RU, England.
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directly to a 0.6-g column of diethylaminohydroxy-
propyl Sephadex LH-20 (DEAP-LH-20) in the acetate
form (7). After elution of neutral compounds, the
bile acids were recovered in five separate fractions
(unconjugated, glycine conjugated, taurine conju-
gated, monosulfated, and disulfated) by elution with
acetic acid and acetate buffers of increasing pH. The
fractions were taken to dryness; glycine- and taurine-
conjugated bile acids were hydrolyzed in 15% NaOH
in 50% aqueous ethanol at 110°C for 10 hr; sulfate
fractions were subjected to solvolysis for 72 hr in
acidified ethanol-acetone 1:9 (v/v) (3) and, after
evaporation to dryness, to alkaline hydrolysis. The
unconjugated and the solvolyzed and hydrolyzed bile
acids were extracted with ethyl acetate from the
acidified aqueous solution. Methyl esters were pre-
pared with diazomethane in diethyl ether—methanol
9:1 (v/v), and trimethylsilyl ethers by treatment with
pyridine — hexamethyldisilazane — trimethylchloro-
silane 3:2:1 (by vol) (8).

Gas--liquid chromatographic analyses of these de-
rivatives were carried out using columns (3.5 m x 3.6
mm) filled with 1-2% Hi-Eff 8 BP on Gas-Chrom Q,
80-100 mesh (Applied Science Labs., State College,
PA) at 220-230°C, or 1.5% SE-30 on 80-100 mesh
Chromosorb W HP. Flame ionization detection was
used. Quantitative results were obtained by compar-
ing peak areas (Hi-Eff 8 BP columns) with those
given by known amounts of the derivative of cholic
acid. Corrections for differences in response, which
were small in a few cases tested, were not made.

Gas-liquid chromatography-mass spectrometry
was carried out using the same columns as above.
A modified LKB 9000 instrument equipped with a
magnetic tape recording system was employed (9).
Spectra were taken at 22.5 eV by time-programmed
repetitive scanning, and data were evaluated on an
IBM 1800 computer. A bile acid was considered
identified when retention times and mass spectrum
were identical with those of an authentic compound.
In some cases oxidation to the keto acids was also
performed to facilitate identification (10).

RESULTS

At the beginning of this study methods based on
the use of Sephadex LH-20 for separation of sul-
fated and nonsulfated bile acids were employed (11).
The GLC-MS analyses indicated that the composi-
tion of the sulfate fraction was extremely complex.
It was not possible to obtain a reliable quantitation
of the bile acids due to the presence of compounds
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formed from metabolites of steroid hormones during
solvolysis and hydrolysis. However, it was evident
that the amount of sulfated bile acids was higher in
female than in male rats and that bile from female
rats contained an isomer of chenodeoxycholic acid
(allochenodeoxycholic acid, see below) that was not
present in male rats. After development of a method
for bile acid analysis based on ion exchange separation
of the conjugate classes (7), it became possible to
carry out more accurate quantitative determinations.
Two rats of each sex were then studied in detail
and the results of the preliminary studies were con-
firmed and extended.

The bile acids identified and their occurrence in
different conjugate fractions are summarized in Table
1. As expected, most of the bile acids in both male
and female animals were found in the fractions con-
taining taurine and glycine conjugates (about 85-
90% and 10-15%, respectively). Unconjugated bile
acids constituted 1-1.5% of the total in the 0-12 hr
samples but were detected only in trace amounts in
the 48—60 hr samples, and significant amounts of
bile acids with the chromatographic properties of
disulfates were found only in the 48-60 hr sample
from female animals where they constituted about
0.3% of the total.

Larger amounts of bile acids were found in the
monosulfate fraction of bile from female than from
male rats. In the male animals 0.1-0.2% of the total
bile acids were found in this fraction and, in the
0-12 hr sample, essentially all of these bile acids
were isomers of 3,12-dihydroxycholanoic acid. This is
seen from the fragment ion current chromatograms
of mle 255 and 345 (Fig. 1) which are prominent
ions in spectra of the methyl ester trimethylsilyl
ethers of these compounds. Spectra of the three
isomers, found both in male and female rat bile,
are shown in Fig. 2. The ion of mass 208 is particu-
larly specific for 3,12-bis-trimethylsiloxycholanoic
acid methyl esters (12). These bile acids disappeared
with time after the cannulation of the bile duct and
were essentially absent from bile in the 48-60 hr
sample (Fig. 3).

In contrast to bile from male rats, the monosul-
fate fraction of bile from female rats contained
0.9-1.3% of the total bile acids. The methyl ester
trimethylsilyl ether of the major compound gave a
spectrum that was very similar to that of a derivative of
chenodeoxycholic acid (Fig. 4). Both the intensity
relationships between different ions and the relative
retention time data indicated that the compound was a
5a isomer and comparison with authentic material
showed it to be 3a,7a-dihydroxy-5a-cholanoic acid.
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Fig. 1. Fragment ion current chromatograms constructed by the computer from the GLC-MS
analyses of methyl ester trimethylsilyl ethers of bile acids isolated from the taurine conjugate (left
panels) and monosulfate (right panels) fractions of bile excreted during the first 12 hr after bile
duct cannulation of a male (upper panels) and a female (lower panels) rat. The first scan was started 7 min
after injection of the sample. The interval between scans was 10.2 sec and was increased by 0.6 sec/min
retention time. The samples from male and female rats were analyzed under slightly different condi-
tions and the scan numbers are not exactly the same for corresponding compounds.

This acid constituted 36% of all monosulfated bile
acids in the 0—12 hr sample and increased to 63%
in the 48—-60 hr sample. It was also present in the
nonsulfated fractions of glycine- and taurine-conju-
gated bile acids. Thus, about 1.6% of the taurine-
conjugated bile acids in the 0—12 hr samples con-
sisted of 3a,7a-dihydroxy-5a-cholanoic acid and
as much as 8.1% in the 48—60 hr samples. Ten to

180 Journal of Lipid Research Volume 19, 1978

fifteen percent of the total 3a,7a-dihydroxy-5a-
cholanoic acid was present in the sulfate fractions.
The compound could not be detected in any of the
fractions of male rat bile.

The fractions of glycine- and taurine-conjugated
bile acids from bile of both male and female rats con-
tained 3a,7a,12a-trihydroxy-5a-cholanoic acid (1-
5% of total bile acids) (cf. Figs. 1 and 3). Although
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Fig. 2. Mass spectra of the methyl ester trimethylsilyl ether derivatives of three isomers of 3,12-dihydroxycholanoic acid present
in the monosulfate fraction of bile collected 0-12 hr after bile duct cannulation of a female rat. 4, derivative of 3a,12a-
dihydroxy-5a-cholanoic acid; B. derivative of deoxycholic acid; C, derivative of 38,12a-dihydroxy-5a-cholanoic acid.

present in the monosulfate fraction, this bile acid
(like other trihydroxy bile acids) constituted only a
small percentage of sulfated bile acids.

The monosulfate fraction of bile collected between
48 and 60 hr contained bile acids, the derivatives of
which had essentially the same retention times as
those of cholic and chenodeoxycholic acid on Hi-Eff
8 BP columns. The mass spectra were also similar
but intensity relationships indicated that the com-
pounds might be 5a isomers (Figs. 3 and 5). Oxidation
with chromic acid yielded 3,7-diketo- and 3,7,12-
triketo-5a-cholanoic acids as the major products.
The methyl ester trimethylsilyl ether of 38,7a-di-
hydroxy-5a-cholanoic acid was found to have the
same retention time and mass spectrum as the deriva-
tive of the dihydroxy acid from the monosulfate
fractions. The retention time and the mass spectral
intensity relationships for the derivative of the tri-
hydroxycholanoate were those expected for the deriva-
tive of 38,7a,12a-trihydroxy-5a-cholanoic acid. How-
ever, the authentic compound was not available for
direct comparison.

The monosulfate fraction from the 48-60 hr
sample from male rats contained a number of un-
known bile acids, several of which appeared to be
unsaturated or tetrahydroxylated (see Fig. 3 scan
nos. 54 and 82). Thus, several compounds gave in-
tense peaks at m/e 546 corresponding to a methyl
cholanoate skeleton with two trimethylsiloxy groups
and two double bonds. The mass spectrum of the
TMS ether of one of these compounds (scan no 54,
Fig. 3) showed several similarities to the spectrum
of the trimethylsilyl ether of methyl 28,38,7a,12a-
tetrahydroxy-58-cholanoate (kindly donated by Pro-
fessor G. A. D. Haslewood) and might therefore arise
from the derivative of a 2-hydroxylated bile acid.

The taurine and glycine conjugate fractions from
bile of both male and female rats contained un-
saturated bile acids structurally related to B8-muri-
cholic acid (13, 14). These compounds (see Fig. 1,
scan nos. 72 and 88) were found only in bile col-
lected between 0 and 12 hr, indicating that an intact
enterohepatic circulation is required for their
formation.
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Fig. 3. Fragment ion current chromatograms constructed by the computer from the GLC-MS
analyses of methyl ester trimethylsilyl ethers of bile acids isolated from the taurine conjugate (left
panels) and monosulfate (right panels) fractions of bile excreted 48-60 hr after bile duct cannulation
of a male (upper panels) and a female (lower panels) rat. The repetitive scan programs were about the

same as in Fig. L.

DISCUSSION

A sex difference in the bile acid composition of
Wistar rat bile has been reported by Yousef, Kakis,
and Fischer (15). Bile collected for 5 hr following bile-
duct cannulation was analyzed, and female rats were
found to excrete less B-muricholic, deoxycholic, and
hyodeoxycholic acids than male rats. This difference
was also seen in the present study. However, in an
investigation of larger groups of Sprague-Dawley rats
there was no sex difference in the excretion of B-
muricholic and hyodeoxycholic acids (14). Instead,
more chenodeoxycholic acid was excreted by female
than male rats, consistent with a report by Beher,
Casazza, and Lin (16). The bile acid composition of the
samples analyzed in the present study (and that of
Kern et al. (14)) was quite different from that re-
ported by Yousef et al. (15) and by Subbiah, Kuksis,
and Mookerja (17). In particular, the content of

182 Journal of Lipid Research Volume 19, 1978

deoxycholic and hyodeoxycholic acids was much lower
in our samples. This could be due to the use of
different rat strains and diets, and to differences in
the methods used to establish specificity of the gas—
liquid chromatographic analyses. In view of the com-
plex influence of hepatic, intestinal, dietary, and
hormonal factors on the composition of the bile acid
pool, it may not be meaningful to compare results
from studies carried out in different laboratories.
Furthermore, since chenodeoxycholic, 8-muricholic,
and hyodeoxycholic acids are partly interconvertible
during the enterohepatic circulation, the relative
amounts of these compounds may be expected to vary
depending on the composition of the intestinal flora.

The two most striking sex differences in bile acid
composition were the higher percentages of sulfated
and allo bile acids in the female rats. This is
compatible with the higher activities of sulfotrans-
ferase (18) and ba-reductase (19-21) in female rat
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Fig. 4. Mass spectra of the methyl ester trimethylsilyl ether derivatives of three isomers of 3,7-dihydroxycholanoic acid. A. derivative

of 3a,7a-dihydroxy-5a-cholanoic acid (from monosulfate fraction

, 4860 hr bile sample, female rat); B, derivative of chenodeoxycholic

acid (from glycine conjugate fraction, 48-60 hr bile sample, male rat); C, derivative of 38,7a-dihydroxy-5a-cholanoic acid (from
monosulfate fraction, 48-60 hr bile sample, female rat); D, mixture of the derivatives of chenodeoxycholic and 38,7a-dihydroxy-5a-

cholanoic acids (from monosulfate fraction, 0-12 hr bile sample,

liver, previously demonstrated in vitro using C,
C.1, and C,; steroids as substrates.

The sulfurylation of bile acids appears to show a
marked selectivity towards allo bile acids. Pre-
dominant sulfurylation of 5a-cholanoates has also
been observed in bile from cats and rabbits (22).
This is in agreement with a previous study of mono-
hydroxycholanoates in rats where 3a,5a and 38,5«
isomers were excreted predomiu:antly in the sulfate
fraction in contrast to 38,58 and 3a,58 isomers (11).
The sulfate fraction of the bile acid pool from male
rats (0-12 hr sample) contained only secondary bile
acids, 38,12a-dihydroxy-5a-cholanoic acid being the
major compound. This isomer of allodeoxycholic acid

female rat).

was also the major secondary bile acid in the sulfate
fraction from female rats. It might be formed by 7-
dehydroxylation of allocholic acid (23) or by bac-
terial isomerization of deoxycholic acid (24) com-
bined with oxidoreduction at C-3. The latter reac-
tion most likely occurs in the intestine since only
small amounts of 38 epimer are formed when bile
acids with a 3-oxo-5a structure are reduced by liver
preparations (25) whereas steroids with a 3«5«
configuration are extensively epimerized in the in-
testinal tract (26). The apparently quantitative sul-
furylation of allo bile acids with a 38-hydroxy group
explains why these compounds have not previously
been found in rat bile.
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Fig. 5. Mass spectra of methyl ester trimethylsilyl ether derivatives of 3,7,12-trihydroxycholanoic acids. 4, derivative of 3a,7a,12a-
trihydroxy-5a-cholanoic acid (from taurine conjugate fraction, 48—60 hr bile sample, female rat); B, derivative of cholic acid (from
unconjugated fration, 48—60 hr bile sample, male rat); C, mixture of the derivatives of cholic and 38,7a,12a-trihydroxy-5a-cholanoic
acids (from monosulfate fraction, 48-60 hr bile sample, male rat); D, derivative of 38,7a,12a-trihydroxy-5a-cholanoic acid (from

monosulfate fraction, 48—60 hr bile sample, female rat).

The sulfate fraction from bile of female rats con-
tained a number of primary bile acids that were
present both in the bile acid pool (0—12 hr sample)
and in the fistula bile collected after 48 hr. The
major bile acid was identified as allochenodeoxycholic
acid. This acid was also found in the taurine conju-
gate fraction. Its formation was markedly sex-specific
since it could not be detected in bile from the male
rats. This is probably the reason why it has escaped de-
tection in previous studies of rat bile where male
rats have usually been investigated. In contrast, allo-
cholic acid has previously been isolated from rat
bile (27) and was present in bile from both male and
female rats.

The reason for the more pronounced sex difference
in the production of allochenodeoxycholic acid than

184 Journal of Lipid Research Volume 19, 1978

of allocholic acid is not clear. Both compounds can
be formed from 5a-cholestan-38-ol (27, 28) and allo-
cholic acid is the major metabolite of allochenodeoxy-
cholic acid (29). The biosynthesis of 58-bile acids
involves the microsomal formation of 7a-hydroxy-
and 7a,12a-dihydroxy-4-cholesten-3-one, which are
5B-reduced in the soluble fraction (30). However,
these intermediates may also be 5a-reduced in the
endoplasmic reticulum, and ba-reductase activity is
higher in female than in male rats (21). The results
of Bjorkhem and Einarsson indicate (Fig. 1 in ref. 21)
that 7a-hydroxy-4-cholesten-3-one is a better sub-
strate than 7a,12a-dihydroxy-4-cholesten-3-one
which would favor formation of allochenodeoxycholic
acid via this pathway. Allocholic acid, on the other
hand, is the major metabolite of 5a-cholestan-38-ol
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(27) and might therefore be formed from exogenous
cholestanol in equal amounts in both sexes. Thus, it
is possible that the main part of allochenodeoxycholic
acid arises via ba-reduction in the endoplasmic
reticulum whereas cholestanol may be the major
precursor of allocholic acid. This would explain the
greater sex difference in excretion of allocheno-
deoxycholic acid than of allocholic acid.

Although formation of allochenodeoxycholic acid
in female rats may be explained by 5a-reduction of
normal intermediates in the major pathway for bile
acid biosynthesis, it is also possible that it is formed
via the pathways in which 38-hydroxy-5-cholenoic
(31), 3B,7a-dihydroxy-5-cholenoic (32) and 7a-hy-
droxy-3-keto-4-cholenoic (33) acids are intermedi-
ates. These compounds have been shown to give rise
to chenodeoxycholic acid in the bile fistula rat but
all studies by Usui and Yamasaki (32), Ikawa et al. (33),
and by Mitropoulos and Myant (31) were carried
out using male rats, and the possible formation of
sulfated bile acids was not investigated. The reduc-
tion of 3-keto-4-cholenoic acid shows a marked sex
difference: all four isomers of 3-hydroxycholanoic
acid are formed in the male rat (34) whereas 3a-
hydroxy-5a-cholanoic acid (excreted as a sulfate) is
the only isomer formed in the female rat (11). From
these results allochenodeoxycholic acid might be ex-
pected to be formed in larger amounts from 3-keto-
4-cholenoic acid precursors in female than in male
rats.

The sulfate fraction from bile collected 48 hr after
bile duct cannulation of female rats contained practi-
cally no 58 bile acids. The gas-liquid chromato-
graphic peaks with retention times similar to those
of the derivative of cholic and chenodeoxycholic
acids were found to be due to the derivatives of the
38,5« isomers for which 5a-cholestan-38-ol (35) or
endogenous 3-keto-A* steroids are potential pre-
cursors. Since steroids with a 38-hydroxy-5a-struc-
ture, presumably formed in the microsomes (19, 21),
are efficiently oxidoreduced to the 3a epimers (36,
37), the relatively high percentage of 3B8-hydroxy-5a-
bile acids in the sulfate fraction may be due to a
high rate of sulfurylation of the 38-hydroxy group.
This would prevent oxidoreduction, particularly in
the female rat liver (38).R8
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