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SUMMARY

A method is described for the measurement, by difference, of the sulphate fractions of
faecal bile acids. A solvolysis step (for the deliberate hydrolysis of the bile acid sulphates)
was added to the procedure of sample homogenisation, extraction, enzymatic hydrolysis and
thin-layer chromatography. The bile acids were quantitated by gas—liquid chromatography
of their methyl ester and trifluoroaceiate methyl ester derivatives on 3% QF-1 columns. The
total bile acid excretion in 15 control subjects was 603 =+ 71 mg/24 h (¥ + S.E.M.). The
major bile acid peaks (mg/24 h) were: lithocholic acid, without solvolysis 118 + 26 and in-
cluding solvolysis 175 = 30; deoxycholic acid 60 + 8 and 90 = 18 and chenodeoxycholic
acid 13 + 7 and 15 = 7. It was concluded that bile acid sulphates may form a considerable
proportion of the tetal bile acids excreted in man.

INTRODUCTION

For several substances hepatic sulphation provides an effective defoxifying -
mechanism. Many potentially toxic drugs, for example, are rendered harmless
by sulphation in the liver which ensures their secrefion in the bile and faeces.
Although the major primary and secondary bile acids are largely conserved
within the entero-hepatic circulation by intestinal and hepatic transport mech-
anisms, they are aiso partially sulphated in the human liver [1,2]. First re-
ported by Palmer [3] in 1967, sulphation has been shown to enhance the ex-
cretion of bile acids, particularly lithocholic aecid [4,5]. This hepatic sulpha-
tion of bile acids probably influences the physiology of the major bile acids in
health but it becomes particularly important in cholestasis and during cheno-
deoxycholic acid treatment of gallstones. In cholestasis the urinary excretion of
bile acids becomes the major route for their elimination from the body [4].
During chenodeoxycholic acid therapy, increased amounts of its principal
bacterial metabolite, lithocholic acid; form in and are absorbed from the in-
testine. In man, sulphation of lithocholic acid prevents its accumulation within
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the liver and hence the tissuze damage which might well ensue; in animals where
hepatic sulphation is less well developed, lithocholate accumulation does occur
and is associated with changes in liver structure and function [6]. -

Despite this, surprisingly little is known about the excretion of faecal brle
acid sulphates in man {7,8] and to date no methods for measuring faecal bile
acid sulphates have been published. We have modified an established procedure
[9] for faecal bile acid determination based on a technique for the analysis of
urinary bile acid sulphates [10], to enable us to quantltate the proportxon of
faecal bile acids excreted as sulphate esters.

METHOD
The method used was modified from technique of Grundy et al. [9] for
measuring faecal bile acids. The procedure is illustrated schematically in Fig. 1.
Details of the steps involved were as follows.
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Fig. 1. Scheme of the steps involved in the separation procedure.
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Homogenisation. .

- The faecal samples. (usually 72-h collectmns) were homogenised at 4°C in
_distiled water, the final weights of homogenate being adjusted to 2500 g.
Aliquots (25 ml) of the homogenate were then freeze-dried and weighed.

led sapomfzcatzon

To approximately 800 mg freeze-dried material [2,4-'“C] chenodeoxycholic
acid (10* dpm) and [3H] cholesterol (10* dpm) were added as recovery markers
of acidic and neutral sterols together with 80 ml 1 M sodium hydroxide (in
90% ethanol). The mixture was refluxed with continuous stirring for 2 h and
then cenirifuged at 3500 g for-10 min. The resulting pellet was washed with
20 ml 1 M sodium hydroxide (in 50% ethanol) and the washings pooled with
the original supernatant.

Petroleum ether wash

The pooled supernatant was transferred to a separating flask and 20 ml water
with 150 ml petroleum ether (b.p. 00—00°C) added. Following vigorous
shaking by hand during 1 min the lower phase, which contained the bile acids
was kept, and the upper phase washed with 20 ml 1 M sodium hydroxide (in
50% ethanol). The ethanolic washings were pooled. The upper phase, which
contained the [*H] cholesterol was sampled for scintillation counting.

Bile acid extraction

The pooled aqueous ethanol fraction was evaporated to approximately 50 ml
and the :nixture then acidified to pH < 1 with 11.5 M hydraochloric acid. This
acidic phase was then promptly extracted with diethyl ether (8 X 150 ml). The
ethereal washings were pooled, washed with water and divided into 8 equal
volumes, each of which was evaporated fo dryness under air in a fume cup-
beard, the test tubes being placed in a water bath at 50°C to hasten the process.
The samples were then subjected to one of the four pathways illustrated in
Fig. 1, each being carried out in duplicate.

Enzymatic deconjugation

The method of deconjugation used was essentially that of Nair et al. [11].
The ethereal residue was dissolved in 0.6 ml methanol and 0.066 M phosphate
buffer (5 ml) was added. The pH of the mixture was adjusted to 5.6 and the
test tubes placed in a water bath at 37°C for 10 min. Clostridium welchii solu-
tion (Sigma, St. Louis, MO, U.S.A.; 0.5 ml) was then added and the incubation
period continued for 4 h. A standard aqueous 2 mM taurocholate solution was
carried through with each baich of analyses to ensure completeness of the en-
zymatic conjugation. The pH was lowered to < 1 with 11.5 M hydrochloric
acid and the bile acids rapidly extracted with 3 X 15 ml diethyl ether. The
ether extracts were washed with water and then evaporated to dryness.

Solvolysis

The method used for solvolyszs was essentially that of Burstein and Lieberman
[12]. The ethereal residue was dissolved in 1 m! absolute ethanol and 0.5 ml
2 M hydrochloric acid added. The samples were subjected to three 10-sec
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. bursts of ultrasonic agitation. Acetone (2 ml) was then added and the solu-
tions incubated at 37°C for 2 days. Following evaporation to dryness, the
residue was dissolved in 4 ml of 5% methanolic potassium hydroxide and
. refluzed for 1.5 h. The solution was evaporated to dryness under vacuum. The
residue was dissolved in 1 ml water, the solution acidified to pH < 1 and the

" bile acids extracted into diethyl ether (3 X 10 ml). , '

Thin-layer chromatography
All fractions were subjected to thin-layer chromatography (TLC) on O.5-mm
silica gel G. The plates were first developed in hexane—ethyl acetate (9:1) and
then in isooctane—ethyl acetate—acetic acid (10:10:2) {13]. Following loca-
tion with iodine, the unconjugated bile acid areas of each plate were scraped
“into a column fitted with a sintered glass disc and the bile acids were then
eluted with 40 ml chlcroform—methanol (2:1).

Gas—liquid chromatography

The bile acid methyl esters were prepared with diazomethane [14]. The
apparatus used was & Pye GCV gas—liquid chromatograph fitted with an auto-
injection system (Pye Unicam, Cambridge, Great Brifain). A preliminary
chromatogram was cbtained from each sample in order to select the maost
appropriate iniernal standard (such as 7-ketocholanoic acid, hyodeoxycholic
acid, or hyoccholic acid). The solution of bile acid methyl esters was evaporated
to dryness and the internal standard added (200 ug in 200 ul methanol). A
further 200 ul methanol was added and the solution Vortex mixed. An aliquot
(1 ul) was then injected onto a 3% QF-1 column, temperatures: injection 250°C;
column 240°C and detector 260°C. The remaining solution was evaporated to
dryness and the triflvoroacetate derivatives of the bile acid methyl esters
prepared [15]. Automaiic irnjection was made onto the same column, tem-
peratures: injection 236°C; column 230°C and detector 250°C. Identification
was thus made using the peak shift technique [14].

RESULTS

Recovery experiments

(i) Recoveries of *C-labelled bile acids added as agueous sohitions (2 mM) o
faecal samples before homogenisation and subjected to the whole procedure
were (mean + S.D., n = 6 in each case): lithocholic acid 102 + 2.9%; deoxy-
cholic acid 99 * 2.1%; chenrodeoxycholic acid 99 + 4.0%; cholic acid 97.5 *
2.5%; glycocholic acid 84.2 = 6.8%; glycochencdeoxycholic acid 84.2 + 6.7%;
taurocholic acid 68.9 + 10.3%.

The poor recovery of taurocholic acid is probably explained by the fact that
although its enzymatic deconjugation was maximum at 4 h, it was only 75.2
5.6% complete. The degree of deconjugation obtainad with glycocholie acid
was 92.1 £ 2.5% and with glycochenodeoxycholic 89.1 + 4.1%. Conversion of
conjugated bile acid to unconjugated bile acid because of inadvertent hydroly-
sis during reflux was approximately 12% for glycochenodeoxycholic and glyco-
cholic acids but only 5% for taurocholic acid.
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(ii) Recovery of [3-*°80,] lithocholic acid [16] added in zqueous solution
to the faecal samples before homogenisation was 85.0 £ 5.2%. The solvolysis
procedure was applied to standard preparations of the 3a-sulphates of litho-
cholie, chenodeoxycholic, deoxycholic, cholic and taurolithocholic acids and
to the 3,7-disulphate derivative of chenodeoxycholic acid. After solvolysis and
using the TLC system of Cass et al. [17] only the parent acid of each prepara-
tion was detected.

(iii) Completeness of extraction of bile acids was estimated by comparing
the amount of radioactivity recovered from a faecal sample (containing *C-
bile acids) in a patient who had ingested [!*C]chenodeoxycholic acid (whilst
on a normal solid diet), using the above procedure with that obtained by
direct oxidation in an Intertechnique sample oxidiser. The recovery after 1 h
reflux was 91 = 0.4% (x + S.D.; n = 3) and after 2 h reflux 99 + 0.1% of that
obtained by sample oxidation.

Reproducibility studies
(i) The results obtained by replication (n = 6) of the analysis of a sample,
each replicate being the mean of duplicate determinations are given in Table 1.
(ii) The recovery of ['*C]chenodeoxychoiic acid carried through with each
analysis was 77 + 6% (x £ S E.M.;n = 124).

TABLE I
BILE ACID FRACTIONS OF ONE SAMPLE ANALYSED IN DUPLICATE SIX TIMES
Figures denote ¥ + S.D. (mg/24 h) values.

Total Total non-sulphated Unconjugated Total
non-sulphated unconjugated
Lithocholie 414 +19 379:3.0 141+1.3 16.9+ 1.6
Deoxycholic 61.2+3.0 493=+1.1 38.0+ 3.2 48.3 + 3.0
Chenodeoxycholie 66.8+14 651+29 47.1 + 3.1 478+ 2.8
Ursodeoxycholie 38.1+131 35.5=27 250+ 1.7 27.2+ 2.2
Cholic 31016 232:+20 18.7+ 1.3 224+ 1.6

Qualitetive demonstration of the presence of bile acid sulphates in human faeces

To date, no means of measuring bile acid sulphates directly in biological
samples has been described and all the techniques used require solvolysis, i.e.
hydrolysis of the sulphate ester followed by estimation of the parent acid. Al-
though the approach used in the present study was similar to that previously
used for bile [18], serum [19] and urine [10] in that the sulphate contribu-
tion was determined by difference, it was considered necessary to provide some
direct demonstration of the presence of bile acid sulphates. This was done as
follows:

- (1) Six ethereal extracts (Fig. 1) prepared from faecal samples as described
above were, before solvolysis, subjected to TLC using hexane—ethyl acetate
(9:1) and isooctane—ethyl acetate—acetic acid (10:10:2) [13]. The uncon-
jugated bile acids were visualised in iodine. The chromatogram was further
developed in chloroform—methanol—acetic acid—water (65:24:10:5) [20]
when the unconjugated bile acids moved fowards the solvent front and several
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additional bands were seen, which corresponded in Ry to the published values
for bile acid sulphates. Lithocholic acid sulphate was identified by repeating
the third development after including taurolithocholie, lithocholic and litho-
cholic acid sulphate as standards. The presence of lithocholic acid sulphate was
confirmed by the use of two-dimensional TLC. The solvent system chloro-
form—methanol—eeetic acid—water (65:24:15:9) [17], was used in the first
direction and ethyl acetate—butanol---acetic acid—water {8:6:3:3) [21] at right
angles to the first direction. Lithocholic acid sulphate was included as standard
for the second development. Lithocholic acid sulphate was clearly demon-
strated. .

(ii) Four of the ethereal extracts were subjected to Sephadex LH-20 column
chromatography as described by Stiehl et al. [22]. Four fractions were eluted
with chloroform—methanol (1:1) and four with methanol. Each fraction was
subjected to TLC examination for unconjugated bile acids and sulphated ‘bile

~acids using the methods described above. Sulphated bile acids were found only
in the last two fractions eluted and solvolysis followed by gas—liquid chromato-
graphy confirmed the presence of lithocholic, deoxycholic and chenadeoxy-
cholic sulphates.

Normal values

The mean total faecal bile acid excretion in 15 control subjects (8 males,
7 females, mean age 41 + S.E.M. 5.8 years, range 17—84) was 603 {(+ S.E.M.
71) mg/day. The amounts of the major bile acid fractions are shown in Table II.

TABLE I
CONCENKTRATIONS OF MAJOR BILE ACID FRACTIONS FOUND IN CONTROL SUB-
JECTS

n = 15; bile acid fractions (mg/24 h, x + S EM.).

Bile acid Total Total non-sulphated Total Unconjugated

unconjugated non-sulphated
Lithocholic 175+ 30 118 + 26 122 + 29 97 = 27
Deoxycholic 90 + 18 60+ 8 59+ 10 47+ 8
Chenadeoxycholic 15+ 7 13+ 7 6+ 3 5+ 2
DISCUSSION

None of the methods previously described for faecal bile acid measurement
in man have deliberately included a solvolysis step. Our resulis and those of
other workers [8] indicate that bile acid sulphates may form a considerable
proportion of the total bile acids excreted in man and should be either know-
ingly included or excluded in such determinations.

Without the aid of mass spectrometry it is questionable whether one can
confidently analyse the complex mixture of bile acids found in human faeces
[23]. Studies using gas chromatography with mass spectrometry [23,24] have
shown that whilst deoxycholic and lithocholic acids are quantitatively the most
important bile acids there are a large number of minor components which fo-
gether make a significant contribution to the total amount of faecal bile acids.
In normal subjects these minor bile acids have been reported to account for as
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much as 40% total faecal bile acids [25]. In the present study the problem of
accurate quantifation without the use of mass spectrometry is further com-
plicated by the inclusion of bile acid sulphate determination.

- The retention times of the different bile acids were established with stan-
dards; where standards were not available the values given in the literature were
used for comparison.

The difficulties of accurate sulphate determination are considerable and it
must be borne in mind that: :

(1) in vitro solvolysis by faecal bacteria may occur during homogenisation
[26],

(2) acid catalysed solvolysis [27] may coccur in the presence of most organic
solvents including diethyl ether 28] and _

(3) low pH (pH < 1) is essential for quantitative extraction of sulphates from .
aqueous solutions. Thus any step for extraction of bile acid sulphates must be
perfiormed at low pH and with speed if inadvertent solvolysis is to be avoided.
It is probable that methods which use prolonged acid extraction procedures
[29] include measurement of bile acid sulphates as their parent acids.

(4) Although enzymatic hydrolysis of conjugated bile acid sulphates has
been described by other workers [21,22] to-date no detailed studies have been
made of either the degree of sulphation on the rate of Lydrolysis or of the
nature of products.

There is considerable variation in the reported normal runges for faecal bile
acids in man. One important factor in this variation must be methodological
differences. For example, results for the synthesis of bile acids (input into
pool) obtained using isotopic methods are usually higher than the results ob-
tained by chemical analysis of faecal bile acids (output from pool [30]). The
findings in the present study are similar to the resulis obtained using isotopic
techniques. If, however, the sulphate contribution is omitted then the results
are similar to those found by many workers using chemical analyses.

The above procedure, therefore, whilst it provides no information on the
type of bile acid sulphate present, does allow one by means of a simple addi-
tion to a well established procedure, to measure all the fractions which con-
stitute faecal bile acid excretion in man. ’

ACKNOWLEDGEMENTS

The standard sulphate preparations were kindly supplied by Professor
G.A.D. Haslewood. M.T.P. was assisted by grants from the British Council and
the Wellcome Trust.

REFERENCES

1 A. Stiehl, P. Czygan, W. Frohling, M. Liersch and B. Kommerel, in L. Bianchi, W. Gerok
and K. Siekinger (Editors), Liver and Bile, MTP Press, Lancaster, 1977, pp. 129—138.
R.H. Palmer, in W. Taylor (Editor), The Hepatobiliary System, Plenum Press, New
York, London, 1976, pp. 227—243.

R.H. Palmer, Proc. Nat. Acad. Sei. U.S., 58 (19567) 1047—1050.

A. Stiehl, R. Raedsch and B. Kommerel}, Digestion, 12 (1975) 105—110.

AE. Cowan, M.G. Korman, A.F. Hofmann, O.W. Cass and S.B. Coffin, Gastroenterol-
ogy, 69 (1975) 67—76.

Nk w N



300

10

11
12

14
15

16
17

T.R. Gadscz, R.N. Allan, E. Mark and A.F. Hofmann, Gastroenterology, 70 (1976)

1125—1129. -
M.T. Podesta, GM. Muzphy, G.E. Sladen and R.H. Dowlmg. Clu:l. Scx. Mol Med. 54
(1978) 32 Abstract.
G. Salvigli, R. Salati, M. Pastorelio, A. Gibertini and B.M. Sala, in Hepatology, Rapxd
Literature Review IX (1978), Falk Foundation, Freiburg, p. 187, Abstract 207, Eur
Ass. Study of the Liver.
SM. Grundy, E.M. Abrens, Jr., and T.A. Miettinen, J. Lipid Res-, 6 (1965) 387—419.
G.P. van Berge Henegouwen, K.H. Brandt, H. Eyssen and G. Parmentier, Gut, 17 (1976)
861—869.
P. Nair, M. Gordon and T. Reback, J. Biol. Chem., 242 (1967) 7T—11.
S. Burstein and S. Licbermann, J. Biol. Chem., 233 (1258) 331—335.
P. Eneroth, J. Lipid Res., 4 (1963) 11—16. _
P. Eneroth and J. Sjovall, in P.P. Nzir and D. Krichewsky (Editors), The Bile Acids,
Vol. I, Plenum Press, New York, London, 1971, pp. 121—171. :
W.J.A. VandenHeuvel, J. Sjovall and E.C. Horning, Biochim_ Biophys. Acta, 48 (1861)
596—599.

R.O. Mumma, Lipids, 1 (1966) 221—223.
O.W. Cass, AE. Cowan A.F. Hofmann and S.B. Coffin, J. Lipid Res., 16 (1975) 153—
160.
R.C. Danzinger, A.F. Hofmann, J.L. Thistle and L.J. Schoenﬁeld, d. Clin. Invest., 52
(1973) 2809—2821.
R. Galeazzi, E. Kok and N.B. Javitt, in G. Paumgartner and A. Stiehl (Editors), Bile
Acids in Health and Disease, MTP Press, Lancaster, 1977, pp. 7T1—74.
S. Barnes, J.L. Gollan and B.H. Billing, Biochem. J., 166 (1977) 65—73.
G. Parmentier and H. Eyssen, 4. Chromatogr., 152 (1978) 285—282.
A. Stiehl, D.L. Earnest and W.H. Admirand, Gastroenterology, 68 (1975) 534—544.
P. Eneroth, B. Gordon, R. Ryhage and J. Sjovall, J. Lipid Res., 7 (1866) 511—523.
P. Eneroth, B. Gordon and J. Sjovall, d. Lipid Res., 7 (1966) 524—531.
S.J. Gordon, L.J. Miller, L.J. Haeffner, M.D. Kinsey and O.D. Kowlessar, Gut, 17
(1976) 58—617.
T.J. Imperato, C.E. Way, L.J. Chen and R.J. Bolt, J. Bacteriol., 130 (1977) 545—547.
M.B. Goren and G. Jansen, J. Lipid Res., 9 (1968) 226—236.
G.P. van Berge Eenegouwen, R.N. Allan, A.F. Hofmann and P.Y.S. Yu, J. Lipid Res.,
18 {(1277)118—122.
E. Evrard and G. Jansen, J. Lipid Res., 9 (1368) 226—236.
M.T.R. Subbiah, N.E. Tyler, M.D. Buscaglia and L. Marai, 4. Lipid Res., 17 (1976)
78—84.



