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ABSTRACT Sulfate esters of lithocholic, glycolithocholic, 
and taurolithocholic acids were synthesized using sulfur tri- 
oxide in pyridine; they were purified by crystallization from 
methanol or ethanol as the diammonium salts, and their 
chemical compositions, infared spectra, and chromatographic 
behavior were determined. Strong alkaline hydrolysis of these 
sulfates, as commonly performed during quantitative and 
qualitative analyses of conjugated bile salts, was found to 
result in a number of degradation products, presumably 
through disruption of the C-0 bond of the hydroxyl group 
and conversion of the original steroid to isolithocholate and 
other (possibly olefinic) compounds. After oral administration 
of lith~cholate-‘~C to three patients with cholelithiasis, radio- 
active metabolites having the chromatographic properties 
of sulfated lithocholates were isolated from bile and, confirming 
a preliminary report ( l) ,  were identified as sulfated glycolitho- 
cholate and taurolithocholate by their characteristic chroma- 
tographic mobilities during a series of specific hydrolytic 
procedures and by crystallizing them to constant specific 
activities with the synthetic sulfates. The fraction of en- 
dogenous lithocholate present in bile as the sulfate was calculated 
for two patients by isotope dilution and was shown to be 
41% and 75% of the total. Sulfation can be expected to affect 
the physiological and pharmacological properties of litho- 
cholates and may, therefore, influence the toxic properties 
of these compounds. 

SUPPLEMENTARY KEY WORDS diammonium litho- 
cholate-3-sulfate . diammonium glycolithocholate-3-sulfate . 
diammonium taurolithocholate-3-sulfate 

P r e v i o u s  studies on the metabolism of orally admin- 
istered lithocholic acid-24-I4C in humans revealed a t  least 
two unidentified biliary compounds that were more 
polar than the expected taurine and  glycine conjugates 

(2). Sulfuric acid, glucuronic acid, and  glutathione are 
commonly used to conjugate neutral steroids and  other 
relatively insoluble compounds, and  could be used to 
conjugate lithocholates. The existence of bile alcohol 
sulfates in lower animals and  the polarity characteristics 
of the unknown compounds led us to synthesize several 
lithocholic acid sulfates and  to compare their properties 
with those of the previously described metabolites. This 
report describes the synthesis of lithocholic, glycolitho- 
cholic, and  taurolithocholic acid sulfates, their degrada- 
tion by various hydrolytic and  solvolytic procedures, and  
their identification as biological metabolites of en- 
dogenously formed lithocholic acid in human bile. 

METHODS 

Thin-layer Chromatography 
TLC was performed using 0.2-1 .O-mm layers of silica gel 
H (Brinkmann Instruments, Inc., Des Plaines, Ill.) and  
the following solvent systems: S-VI11 (3), n-propanol- 
propionic acid-isoamylacetate-water 10 : 15 : 20 : 5 ; Bu- 
tanol 1 (4), n-butanol-acetic acid-water 50 : 5 : 5; Bu- 

A preliminary report of this work has been published (1). 
Address reprint requests to: Dr. Robert H. Palmer, Department 

of Medicine, University of Chicago, 950 East 59th Street, Chicago, 
Ill. 60637. 

The following trivial names and abbreviations have been em- 
ployed: TLC, thin-layer chromatography ; lithocholic acid, 3a- 
hydroxy-5flcholanic acid; isolithocholic acid, 38-hydroxy-58- 
cholanic acid; glycolithocholic acid, 3a-hydroxyd~-cholanoyl- 
glycine; taurolithocholic acid, 3a-hydroxy-5flcholanoyl-taurine; 
etiocholanolone, 3rr-hydroxy-5/3-androstane-17-one. “Sulfate” re- 
fers to the 3-sulfate ester of the corresponding bile acid unless 
otherwise indicated. 

* Operated by the University of Chicago for the U.S. Atomic 
Energy Commission. 
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tanol 3, n-butanol-0.01 M Tris buffer-propionic acid 
50 :9.25 :0.75; and T40 ( 2 ) ,  trimethyl pentane-ethyl 
acetate-acetic acid 40 : 20 : 0.5. 

Solvolysis 
Solvolysis was performed using a modification of the 
methods of Burstein and Lieberman (5) and Kornel ( 6 ) .  
The sulfate ester was dissolved in ethanol, acidified to 
pH 1 or less with 2 N HCl, and diluted with 9 vol of 
acetone. The mixture was incubated at  room tempera- 
ture for 1-3 days, evaporated to dryness in vacuo, and 
refluxed in 5% methanolic KOH for 2 hr to hydrolyze 
the ethyl esters formed during solvolysis. The solutions 
were neutralized by batch treatment with Dowex 50, 
filtered, and evaporated. 

Alkaline Hydrolysis 
Strong alkaline hydrolysis of the amino acid conjugates 
were performed in Teflon test tubes by autoclaving for 
19 hr at  130°C in 5 N NaOH. Enzymatic hydrolysis of 
the amide linkage was performed using cholylglycine 
hydrolase (Mann Research Laboratories, New York) as 
described by Nair, Gordon, and Reback (7). 

Isotopic Techniques 
Radioactive compounds on thin-layer chromatograms 
were detected by radioautography using RP-54 X-Omat 
medical X-ray film (Eastman Kodak), or by scanning 
with a Vanguard 885 glass plate scanner (Vanguard 
Instrument Co., LaGrange, Ill.). After chromatography, 
thin-layer plates were exposed to ammonia vapors to 
diminish solvolysis during the elution process. The silica 
gel containing radioactivity was scraped from the plate, 
moistened with water, and refluxed in chloroform- 
methanol 1 : l .  A few drops of ammonium hydroxide 
were added, the solution was filtered, and the filtrate was 
evaporated in a flash evaporator. Radioactive samples 
were counted in a Nuclear-Chicago liquid scintillation 
counter; corrections for quenching were made using 
14C-labeled toluene as an internal standard. 

Clinical 
Lithocholic acid-24-I4C (1 0-50 pCi, 7.58 mCi/mmole ; 
New England Nuclear Corp.), shown to be pure by TLC 
and radioautography, was administered orally to three 
patients with functioning gallbladders 36 hr (patients A 
and B) and 19 hr (patient C) prior to elective cholecystec- 
tomy for cholelithiasis. The patient$ were euthyroid 
clinically and without signs or symptoms of biliary tract 
obstruction. At operation, the bile obtained from the 
gallbladder contained approximately 10% of the ad- 
ministered radioactivity. Bile specimens were stored in 
the freezer prior to analysis. 

Miscellaneous 

Enzymatic assays of bile acids were performed as pre- 
viously described (8). Infrared spectra were obtained 
through the courtesy of Dr. Josef Fried. Samples were 
pelleted in potassium bromide, and the spectra were 
determined in a Perkin-Elmer model 137 infrared spec- 
trophotometer. 

RESULTS 

Synthesis of Bile Acid Sulfates 

The 3a-sulfate esters of bile acids were prepared with 
sulfur trioxide, according to Fieser (9). A 25-ml stop- 
pered conical tube containing 1 ml of dry pyridine was 
held slanting in ice while 0.1 ml of chlorosulfonic acid 
was added in small drops. The resulting suspension was 
homogenized with a stirring rod. 100 mg of bile acid was 
dissolved in 0.5-1.0 ml dry pyridine with warming and 
transferred to the reaction tube ; a second equal portion 
of pyridine was used to rinse the rest of the bile acid into 
the reaction tube. The reaction mixture was allowed to 
stand at room temperature for 3-7 days until the reaction 
was more than 90% complete, as judged by small thin- 
layer Chromatograms. Water was added to terminate the 
reaction. 

The mixture was evaporated in vacuo, to remove 
excess pyridine, until the pH became acid (ca. 3) .  The 
mixture was transferred to a separatory funnel, quickly 
extracted twice with 2 vol of n-butanol, and the butanol 
was backwashed twice with 0.5 vol of water. A few drops 
of concentrated ammonium hydroxide were immediately 
added to the butanol, which was then evaporated at 37- 
40°C in vacuo. 

Significant loss of the steroid sulfate may occur in 
alcoholic solutions, presumably by transesterification, as 
in methanolysis or ethanolysis (5, 10). Excess ammonium 
hydroxide was therefore added as soon as the steroid had 
been extracted from the acid aqueous phase into butanol. 
(The diammonium salts are not readily extracted from 
the aqueous phase with butanol.) 

Puri$cation of Bile Acid Sulfates 
Bile acid sulfates were crystallized from methanol or 
ethanol as the diammonium salts. The use of excess am- 
monia, easily removed subsequently, prevented the 
solvolysis that frequently occurred during other crystal- 
lization procedures; attempts to prepare potassium pyri- 
dinium and tetramethyl ammonium salts were not suc- 
cessful. 

Diammonium Llthocholate-3-sulfate. Diammonium litho- 
cholic acid-3-sulfate was crystallized from methanol- 
ethyl acetate in the presence of excess ammonium hy- 
droxide. Further crystallization from ethanol in the 
presence of excess ammonium hydroxide resulted in larger 
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crystals, mp 181.0-181.5"C. The crystals were hygro- 
scopic, and drying to constant weight resulted in the 
variable loss of nitrogen ; however, elementary analysis 
(MicroTech Laboratories, Skokie, Ill.) showed a carbon/ 
sulfur ratio of 9.10 (calculated, 8.98). 

Diammonium Glycolithocholate-$sulfate. Glycolithocho- 
lic acid-3-sulfate was dissolved in ethanol and a small 
amount of concentrated ammonium hydroxide. The 
volume was reduced by boiling, with the loss of am- 
monia, to a concentration of about 65 mg/ml. The addi- 
tion of a few drops of concentrated ammonium hydroxide 
then resulted in crystallization of the diammonium salt in 
about 80% yield. Repeated crystallization resulted in 
small crystals, mp 183.5-184.O"C. Elementary analysis 
showed : 

Analysis : Cz sH4 90,s 1N3 ; 
calculated: C, 57.0; H, 9.0; N, 7.7; S, 5.9 

found: C, 57.0; H, 8.9; N, 7.2; S, 5.9 

Diammonium Taurolithocholate-&sulfate. The tauro- 
lithocholic acid sulfate, contaminated with unreacted 
taurolithocholate, was dissolved in hot methanol in the 
presence of ammonium hydroxide. Addition of ethyl 
acetate resulted in crystallization of the diammonium 
sulfate salt in approximately 50% yield, with elimination 
of most of the taurolithocholate in the filtrate. Subsequent 
crystallizations from hot ethanol, in the presence of am- 
monium hydroxide, with ethyl acetate gave better yields 
of small crystals, mp 189-190°C. Elementary analysis 
showed : 

Analysis: C26Hj10&Na; 
calculated: C, 52.2; H, 8.6; N, 7.0; S, 10.7 

found: C ,  52.3; H, 8.6; N, 7.0; S, 10.7 

Infrared spectra were obtained from the three sulfated 
lithocholates, and are shown in Fig. 1. 
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FIG. 1. Infrared spectra of sulfated lithocholates. LS, diammonium lithocholate-3-sulfate; GLS, diam- 
monium glycolithocholate-3-sulfate ; TLS, diammonium taurolithocholate-3-sulfate. 
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TABLE 1 THIN-LAYER CHROMATOGRAPHIC MOBILITIES OF 
SULFATED LITHOCHOLATES 

Chromatographic System 

Bile Salt 

Taurolithocholate-3-sulfate 
Taurocholate 
Taurodeoxycholate 
Glycolithocholate-3-sulfate 
Taurolithocholate 
Glycocholate 
Li thochola te-3-sulfatc 
Glycodeoxycholate 
Glycol i thochola te 

~ 

S-VI11 Butanol 1 Butanol 3 

0 . 0 2  
0 .07  
0.15 
0 .20  
0 . 2 4  
0 . 3 9  
0.41 
0.61 
0 . 8 3  

0 . 2 3  
0 .25  
0.41 
0 .50  
0 . 5 3  
0.55 
0.66 
0 . 7 3  
0 .83  

0.17 
0 . 2 4  
0 . 3 9  
0.14 
0.50 
0.20 
0.60 
0.32 
0.40 

The chromatographic systems are given in the section on 
Methods. The chromatograms were allowed to develop until the 
solvent front had reached a line 15  cm from the origin. The mobili- 
ties are tabdatcd as R ,  values, relativr to the front. 

with the unsulfated compounds, however, and the incu- 
bation conditions necessary for complete hydrolysis have 
not been determined. 

Effect of Ilydrohytic I’rocedtires 011 Rile Acid Sulfate.9 
Strong alkaline hydrolysis of bile acid sulfates, as com- 
monly used in the hydrolysis of bile acid conjugates, 
resulted i n  hydrolysis of ainide linkages, partial disrup- 
tion of the sulfate esters, and alterations in  the steroid 
liuclear configuration (Figs. 3 and 4). The latter altera- 
tions gave rise to several compounds less polar than litho- 
cholic acid; the predominant one had the chromato- 
graphic mobility of isolithocholic acid, while another 
ma.jor one was much less polar and ran near cholesterol 
or cholanic acid. No further effort was made to identify 
these compounds. 

FIG. 2. Chromatographic mobility of bile acid sulfates on silica 
gel H using system S-VIII (3). 7, taurocholic acid; 2, taurodeoxy- 
cholic acid; 3, taurolithocholic acid; 4, glycocholic acid; 5, 
glycodeoxycholic acid ; 6, glycolithocholic acid ; 7, taurolithocholic 
acid sulfate; 8, glycolithocholic acid sulfate; 9, lithocholic acid 
sulfate; 10, human bile. 

Properties of Bile llcid Sirlfate.~ 
The diammonium salts described above ran as single 
spots on thin-layer chromatography; a chromatogram 
using Hofniann’s S-VI11 system (3) is shown in Fig. 2. 
The R ,  values for these and other conjugated bile salts in 
several common chromatographic systems are listed in 
Table 1. The sulfated compounds were considerably 
more polar than their unsulfated precursors and by 
gross inspection were much more water-soluble. They 
did not appear to form micelles i n  aqueous solutions a t  
room temperature, as indicated by their failure to cause 
a color shift when added to a solution of pinacyanol 
chloride (1 1). Small and Admirand have characterized 
some of the physical properties of these sulfates in greater 
detail (12). 

The bile acid sulfates were not oxidized by incubation 
with the enzyme 3a-hydroxysteroid dehydrogenase (EC 
1.1.1.50), thus confirming the complete esterification of 
the 3a-hydroxyl group. 

Incubation of taurine or glycine conjugated bile acid 
sulfates with cholylglycine hydrolase resulted in signifi- 
cant hydrolysis of the ainide linkage; the sulfate ester 
group was not affected. The reaction was slower than 

Isolatioti arid Zdeent$catioti of I V  ‘-laheled Bile . tcid 
Sdfafes i t i  Hi in inn Bile 
In a previous study, the oral adininistration of lithocholic 
acid-24J4C gave rise to four biliary conjugates: glyco- 
lithocholic acid, taurolithocholic acid, and two unidenti- 
fied, more polar compounds, I and I1 (2). Bile from all 
three patients in this study showed the same four labeled 
components, with the unidentified compounds together 
comprising 44, 61, and 82Q/, of the recovered radioactiv- 
ity from each patient. 

TLC of bile with the Butanol 3 system (Fig. 5) sepa- 
rated the unidentified “C-labeled compounds (area A )  
from the I4C-labeled taurine and glycine conjugates 
(area B) .  Areas A and B were eluted and rechromato- 
graphed with the Butanol 1 system (Fig. 6). Area A con- 
tained two components (compounds I and 11) with the 
chromatographic mobilities of glycolithocholic acid sul- 
fate and taurolithocholic acid sulfate, respectively. On 
solvolysis, they gave corresponding labeled compounds 
with the mobilities of glycolithocholic acid and tauro- 
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FIG. 3. Effect of strong alkaline hydrolysis on bile acid conjugates. 
TLC on silica gel H using Butanol 1 (4). 7, taurolithocholic acid; 
2, taurolithocholic acid after strong alkaline hydrolysis; 3, tauro- 
lithocholic acid sulfate; 4, taurolithocholic acid sulfate after strong 
alkaline hydrolysis; 5, taurolithocholic acid sulfate after solvolysis 
and subsequent strong alkaline hydrolysis; 6, lithocholic acid; 7, 
lithocholic acid sulfate; 8, lithocholic acid sulfate after strong alka- 
line hydrolysis; 9, lithocholic acid sulfate after solvolysis and sub- 
sequent strong hydrolysis. Notice that strong alkaline hydrolysis of 
taurolithocholic acid sulfate (4) has failed to remove approximately 
one-half of the sulfate, as shown by the large spot with the mobility 
of lithocholic acid sulfate (7). 

FIG. 4. Effect of strong alkaline hydrolysis on the nuclear con- 
figuration of bile acid sulfates. TLC on silica gel H using T40 
system (2). 7, lithocholic acid; 2, isolithocholic acid; 3, 3-keto- 
cholanic acid; 4, cholesterol; 5, taurolithocholic acid after strong 
alkaline hydrolysis; 6, taurolithocholic acid sulfate after strong 
hydrolysis; 7, glycolithocholic acid after strong hydrolysis; 8, 
glycolithocholic acid sulfate after strong alkaline hydrolysis; 9, 
lithocholic acid after strong alkaline hydrolysis. The large spom at 
the origin (6 and 8) presumably represent lithocholic acid sulfate 
(see Fig. 2). Spots not showing well in the photograph have been 
outlined by dots. 

lithocholic acid. Area B contained two components with 
mobilities similar to the material in solvolyzed area A. 
The individual spots were eluted, subjected to strong 
hydrolysis, and chromatographed with system T40 ; each 
gave a single radioactive spot with the mobility of litho- 
cholic acid. 

Substantial amounts of compounds I and I1 were iso- 
lated by preparative TLC (Butanol 3 followed by Bu- 
tanol 1). Compound I was added to unlabeled glyco- 
lithocholic acid sulfate, compound I1 was added to un- 
labeled taurolithocholic acid sulfate, and the two com- 
pounds were crystallized to constant specific activity as 
the diammonium salts (Tables 2 and 3). 

Conjugate.? of Endogenous Lithocholic Acid 
in Human Bile 
Bile from the second and third patients was analyzed to 
determine the extent to which endogenous lithocholic 
acid had undergone glycine conjugation, taurine con- 
jugation, and sulfation. (Bile from the first patient had 
been completely used in initial experiments.) The 
method used was to calculate the concentration of labeled 
lithocholate (nCi/ml) for each of the four derivatives 
(glycolithocholate, taurolithocholate, and their sulfates) 

from (a) the total concentration of isotope in bile, and ( b )  
the distribution of isotope among the chromatographic 
fractions. Lithocholic acid was then isolated from each 
fraction and the specific activity was determined. Divid- 
ing the concentration of isotope (nCi/ml) in each frac- 
tion by the specific activity (nCi/pmole) gave the con- 
centration of unlabeled. endogenous derivative (pmoles/ 
ml) in bile. 

Specifically, sulfated and nonsulfated derivatives were 
separated by TLC (Butanol 3 system), detected by scan- 
ning, and eluted. After solvolysis of the sulfates, the 
taurine and glycine conjugates were separated (Butanol 1 
system), scanned, and eluted. The distribtion of radio- 
activity was estimated from the areas under the peaks of 
the chromatogram scans, and the total radioactivity in 
each fraction was then calculated from the total amount 
present in bile. The four eluted fractions were then 
hydrolyzed and the free lithocholic acid was isolated 
(system T40). The specific activity of lithocholic acid 
derived from each fraction was then determined by 
enzymatic assay (8) and liquid scintillation counting as 
described under Methods. This then permitted calcula- 
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FIG. 5.  Group separation of sulfated metabolites of lithocholate- 
"C in human bile. TLC: silica gel H and Butanol 3 system. The 
areas containing labeled metabolites, detected by radioautography, 
are outlined by dots, A and B. Solid spots represent areas charred 
by concentrated sulfuric acid. Reference compound abbreviations: 
T, taurine; G, glycine; S, sulfate; D, deoxycholate; C, cholate; L, 
lithocholate. 

I..... OGL 

CD. (I) 

0 - T C  as-. . . -..- 

. . = . . . a  3.. 

A 8 
FIG. 6. Separation of individual radioactive compounds eluted 
from the sulfated ( A )  and nonsulfated ( B )  areas shown in Fig. 4. 
TLC: silica gel H and Butanol 1 system. Legend as in Fig. 4. 

tion of the total amount of lithocholic acid originally 
present as each of the four derivatives in bile. The results 
are shown in Table 4. The total quantity of lithocholic 
acid derivatives calculated to be present in bile (B, 0.82 
pmole/ml ; C, 2.82 pmoles/ml) constituted about 0.6Y0 
(B) and 2.7% (C) of the total bile acids (B, 136 pmoles/ 

TABLE 2 IDENTIFICATION OF 'IC-LABELED GLYCOLITHO- 
CHOLIC ACID-3-SULFATE BY RECRYSTALLIZATION TO CONSTANT 

SPECIFIC ACTIVITY 

Amount Specific Activity 

74 .1  
61 .9  
45 .7  
30 .5  

dpmlmg X 
3 .Ol 
3 .83  
3 .77  
3 .96  

Unlabeled diammonium glycolithocholate-3-sulfate (103.6 mg) 
was added to compound 1 (3.46 X lo4 dpm) eluted from thin- 
layer plates, giving a calculated specific activity of 3.34 X lo* 
dpm per mg. The material was recrystallized several times from 
ethanol-ammonium hydroxide. 

TABLE 3 IDENTIFICATION OF 'IC-LABELED TAUROLITHO- 
CHOLIC ACID-%SULFATE BY RECRYSTALLIZATION TO CONSTANT 

SPECIFIC ACTIVITY 

Specific 
Solvent Amount Activity 

x 10-3 
mf dpmlmg 

Ethanol-ammonium hydroxide 8 7 . 0  2 .18  
63 .0  2 .35  

Ethanol-ammonium hydroxide-ethyl acetate 52 .3  2 .28  
4 6 . 9  2 .26  
38 .6  2 .15  

Unlabeled diammonium taurolithocholate-3-sulfate (191 mg) 
was added to compound I1 (3.85 X loK dpm) eluted from thin- 
layer plates, giving a calculated specific activity of 2.01 X lo8 
dpm per mg. 

ml ; C, 104 pmoles/ml) measured enzymatically, figures 
consistent with others reported in the literature (13).  

DISCUSSION 

The identification of glycolithocholic acid sulfate and 
taurolithocholic acid sulfate in human bile demonstrates 
a new pathway of bile acid metabolism in humans. These 
compounds were identified as biliary metabolites of orally 
administered lithocholic acid-24-14C. After absorption, 
labeled lithocholate could theoretically enter at  least six 
pools, depending on whether i t  remained free or was 
conjugated with taurine or glycine, and on whether or 
not it was sulfated. Since each compound could have its 
own pool size and turnover rate, it is not possible to assess 
the quantitative importance of these various pathways 
from the analysis of labeled metabolites present in bile at  
one point in time. However, data to be presented in the 
following paper (14) indicate that, in rats, sulfated litho- 
cholates are less well absorbed from the intestine and 
more rapidly excreted than nonsulfated lithocholates, 
suggesting that the relative importance of sulfation in the 
metabolism of the labeled lithocholates (40-80Y0 of the 
total recovered from bile) is more likely to be underesti- 
mated than overestimated from such analyses. 
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TABLE 4 LITHOCHOLIC ACID CONJUGATES IN PATIENTS B AND C 

Lithocholic AcidJ4C Total Lithocholic Acid 

Distribution Concentration Specific Activity Concentration Distribution 

Coniugate B C B C B C B C B C 

% pCi/ml pCi/pmo[c p m o k / m l  % 
Glycolithocholic acid 8 .5  9.8 0.0267 0.0304 0.123 0.076 0.217 0.399 22.4 14.1 
Taurolithocholic acid 30.3 7 .8  0.0950 0.0242 0.265 0.081 0.359 0.298 37.1 10.6 
Glycolithocholic acid sulfate 36.1 57.9 0.1132 0.1792 0.533 0.122 0.212 1.473 22.0 52.2 
Taurolithocholic acid sulfate 25.1 24.5 0.0787 0.0758 0.440 0.116 0,179 0,653 18.5 23.1 

Totals 100.0 100.0 0.3136 0.3096 0.967* 2.823t 100.0 100.0 

Lithocholic acid-24-14C (specific activity 7.58 pCi/pmole by direct assay) was administered orally to two human subjects (B and C) 
and gallbladder bile was recovered at operation 36 and 19 hr later. The distribution of radioactivity among the four conjugate fractions 
was measured, and the specific activity of lithocholic acid isolated from each fraction was determined. Values are averages of duplicate 
determinations. The amount of unlabeled, or endogenous, lithocholic acid present in each conjugate fraction was then calculated. 

* Total bile acids, 136 pmoles/ml; 0.0414 pmolelml added as the lithocholic acid-I4C. 
t Total bile acids, 104 pmoles/ml; 0.0409 pmolelml added as the lithocholic acid-W. 

Another difficulty in interpreting results with labeled 
lithocholate is that the metabolism of orally administered 
lithocholate, presumably absorbed from the upper in- 
testine, might not parallel the metabolism of endoge- 
nously formed lithocholate, which is presumably mainly 
reabsorbed from the colon. 

Because of these considerations, the isotope dilution 
data in Table 4 are of interest. In  the two patients exam- 
ined, the concentration of endogenous, unlabeled litho- 
cholate in each of the four major fractions was determined. 
Unlike the labeled lithocholates, the unlabeled lithocho- 
lates can be considered to be in a relatively steady meta- 
bolic state. Therefore, irrespective of turnover rates and 
other physiological considerations, sulfated lithocholates 
constituted 40-75Yc of the total endogenous lithocholate 
pool in gallbladder bile. Since gallbladder bile contains 
a large part of the total bile acid pool in humans, it is 
apparent that in these patients at least, sulfation was a 
physiologically important pathway for the metabolism of 
endogenous as well as exogenous lithocholate. I t  seems 
probable that the distribution of metabolites in liver bile 
would not have been greatly dissimilar, although it is 
possible that differential reabsorption from the gallblad- 
der could have altered the biliary composition. 

I t  can also be seen from Table 4 that, of the endogenous 
metabolites, relatively more glycolithocholate than 
taurolithocholate occurred as the sulfate (patient B, 
49.5% vs. 33.3%; patient C, 78.7% vs. 68.6%). Further- 
more, if the sulfated and nonsulfated fractions are com- 
pared, the glycine taurine ratios of the former are seen 
to be roughly twice those of the latter (patient B, sulfated 
glycolithocholate,/taurolithocholate = 1.19; nonsulfated 
glycolithocholate, taurolithocholate = 0.60 ; patient C, 
sulfated glycolithocholate/taurolithocholate = 2.26, 
nonsulfated glycolithocholate/taurolithocholate = 1.33). 
The same kinds of differences hold for the labeled me- 
tabolites. While other interpretations are possible, the data 
from these two subjects suggest that sulfate esterification 

may occur more readily with the less polar glycine con- 
jugates than with the more polar taurine conjugates, a 
hypothesis consonant with the common occurrence of 
sulfate derivatives of many nonpolar neutral steroid 
metabolites. 

The site of bile acid sulfation is a matter of some inter- 
est. Most sulfation is assumed to occur in the liver, al- 
though the sulfation of neutral steroids during passage 
through the intestinal wall has been demonstrated (15). 
Data presented in the following report (14) indicate that 
lithocholic acid can be sulfated during its passage through 
the rat liver, but other tissues, such as blood, intestine, or 
intestinal contents (bacteria) cannot be excluded as po- 
tential sulfating sites. 

Strong alkaline hydrolysis of lithocholic acid sulfate 
was found unexpectedly to result in several degradation 
products, the major one of which appeared to be iso- 
lithocholic acid on the basis of TLC mobility and the- 
oretical considerations. Inversion of the C-3 hydroxyl 
group and elimination of the hydroxyl group with the 
formation of olefinic compounds are well known side 
reactions in the strong acid hydrolysis of neutral steroid 
sulfates (16, 17), and apparently result from an attack on 
the C-0 bond. A similar mechanism can be postulated 
to result in the formation of isolithocholic acid and a 
cholenic acid during the strong alkaline hydrolysis of 
sulfated lithocholates, although the identities of these 
breakdown products have not been established conclu- 
sively. Irrespective of the nature of these compounds, 
their formation during hydrolytic procedures frequently 
utilized for the analysis of bile acids in biological fluids 
suggests that the presence of sulfates should be considered 
as a possible source of error in ascertaining bile acid 
nuclear configuration following such procedures. How- 
ever, solvolysis of steroid sulfates has been shown to at- 
tack the S-0 bond rather than the C-0 bond (5) and 
should not result in such artifact formation. Our studies 
indicate that mild acid solvolysis (room temperature in 
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acetone-alcohol) also attacks only the S-0 bond of bile suchung zur quantitativen Auswertung der Dunnschicht- 
acid sulfates, since strong alkaline hydrolysis following 
solvolysis does not result in the formation of artifacts 
(Figs. 3 and 4).l Thus, solvolysis followed by strong 
alkaline hydrolysis permits determination of the nuclear 
structure of bile acid sulfates and would seem to be 
essential for accurate quantitation of lithocholates. 

The biological significance of bile acid sulfates will 
depend on their physiological and pharmacological 
properties. Physiological properties of lithocholic acid 
that might be altered by sulfation include the extent of 
intestinal absorption, the route of excretion, the meta- 
bolic transformations it undergoes in vivo, and its bio- 
logical half-life. Observations on these parameters in rats 
are the subject of the following communication (14). 
Pharmacological properties of lithocholic acid include 
the capacity to produce intense fever (18), tissue damage 
(19), inflammation (18, 20), and proliferation of bile 
ducts and ductular cells (21-26). Sulfation may alter 
these toxic properties, as it has been shown to abolish 
the fever-producing activity of etiocholanolone (27), a 
related pyrogenic steroid. Bile acid sulfates, like other 
steroid metabolites, may also have new and important 
biological activities of their own. The pharmacological 
properties of lithocholic acid sulfates are under investi- 
gation and will be the subject of a subsequent report. 

The authors wish to thank Drs. Arne Norman and Attallah 
Kappas, without whose generous help and support these 
studies would not have been possible. 
Manuscript received 7 December 7970; accepted 18 June 1971. 

REFERENCES 
1. Palmer, R. H. 1967. The formation of bile acid sulfates: 

a new pathway of bile acid metabolism in humans. Proc. 
Nut. Acad. Sci. U.S.A. 58: 1047-1050. 

2. Norman, A., and R. H. Palmer. 1964. Metabolities of 
lithocholic acid-24-14C in human bile and feces. J .  Lab. 
Clin. Med. 63: 986-1001. 

3. Hoffmann, A. F. 1964. Thin-layer chromatography of 
bile acids and their derivatives. In New Biochemical 
Separations. A. T. James and L. J. Morris, editors. D. 
Van Nostrand Ltd., London. 261-282. 

4. Ganshirt, H., F. W. Koss, and K.  Morianz. 1960. Unter- 

Under the conditions of solvolysis described here, a considerable 
proportion of the bile acid is converted to the ethyl ester, as a result 
of the acid-alcohol treatment. This ester can then be split by mild 
alkaline hydrolysis, as described under Methods, but this also 
results in variable hydrolysis of any glycine or taurine conjugates 
that may be present. The formation of esters is, of course, not 
important if strong alkaline hydrolysis is planned subsequently, 
but it could be of significance if enzymatic hydrolysis of the amino 
acid conjugates is contemplated. Unfortunately, the conditions 
for complete solvolysis of the sulfates or complete enzymatic - 
hydrolysis of the amino acids have not been worked out in detail, 
and the interpretation of analysis of biological extracts still requires 
caution. 

chromatographie. Arzneim.-Forsch. 10: <43-947. 
5. Burstein, S., and S. Lieberman. 1958. Kinetics and mech- 

anism of solvolysis of steroid hydrogen sulfates. J .  Amer. 
Chem. SOC. 80: 5235-5239. 

6. Kornel, L. 1965. Studies on steroid conjugates. IV. 
Demonstration and identification of solvolyzable cortico- 
steroids in human urine and plasma. Biochemistry. 4: 444- 
452. 

7. Nair, P. P., M. Gordon, and J. Reback. 1967. The enzy- 
matic cleavage of the carbon-nitrogen bond in 3a,7a,12a- 
trihydroxy-5/3-cholan-24-oylglycine. J .  Biol. Chem. 242: 

8. Palmer, R .  H. 1969. The enzymic assay of bile acids and 
related 3a-hydroxysteroids; its application to serum and 
other biological fluids. Methods Enzymol. 15: 280-288. 

9. Fieser, L. F. 1948. Naphthoquinone antimalarials. XVI. 
Water-soluble derivatives of alcoholic and unsaturated 
compounds. J .  Amer. Chem. SOC. 70: 3232-3237. 

10. McKenna, J., and J. K. Norymberski. 1957. Steroid 
sulfates. Part 1. Some solvolytic reactions of the salts of 
steroid sulfates. J .  Chem. SOC. (London). 3889-3893. 

11. Corrin, M. L., and W. D. Harkins. 1947. Determination 
of the critical concentration for micelle formation in solu- 
tions of colloidal electrolytes by the spectral change of a 
dye. J .  Amer. Chem. SOC. 69: 679-683. 

12. Small, D. M., and W. Admirand. 1969. Solubility of bile 
salts. Nature (London). 221: 265-267. 

13. Nakayama, F. 1967. Quantitative microanalysis of bile. 
J .  Lab. Clin. Med. 69: 594-609. 

14. Palmer, R. H. 1971. Bile acid sulfates. 11. Formation, 
metabolism, and excretion of lithocholic acid sulfates in the 
rat. J .  Lipid Res. 12: 680-687. 

15. Baulieu, E. E., C. CorpCchot, F. Dray, R.  Emiliozzi, 
M.-C. Lebeau, P. Mauvais-Jarvis, and P. Robel. 1965. 
An adrenal-secreted “androgen” : dehydroisoandrosterone 
sulfate. Its metabolism and a tentative generalization on 
the metabolism of other steroid conjugates in man. Recent 
Progr. Hormone Res. 21: 411-500. 

16. Hirschmann, H., and J. S. Williams. 1963. The isolation 
of 5a-pregnane-3/3,20@-diol 20-sulfate and its hydrolysis 
to urane-diol (1 7a-methyl-~-homo-5a-androstane-3j3, 
17ap-diol). J .  Biol. Chem. 238: 2305-2308. 

17. Ramseyer, J., J. S. IVilliams, and H. Hirschmann. 1967. 
Carbon-oxygen cleavage in the acid hydrolysis of andro- 
sterone sulfate. Steroids. 9: 347-365. 

18. Palmer, R .  H., P. B. Glickman, and A. Kappas. 1962. 
Pyrogenic and inflammatory properties of certain bile 
acids in man. J .  Clin. Invest. 41: 1573-1577. 

19. Palmer, R .  H. 1964. Haeniolytic effects of steroids. Nature 
(London). 201: 1 1 34-1 1 35. 

20. Palmer, R. H. 1965. Inflammatory effects of pyrogenic 
steroids in animals. Proc. SOC. Exp. Biol. Med. 119: 108-111. 

21. Holsti, P. 1960. Cirrhosis of the liver induced in rabbits 
by gastric instillation of 3-monohydroxycholanic acid. 
Nature (London). 186: 250. 

22. Stolk, A. 1960. Induction of hepatic cirrhosis in Zguana 
iguanz by 3-monohydroxycholanic acid treatment. Experi- 
entia (Basel). 16: 507-508. 

23. Hunt, R .  D., G. A. Leveille, and H. E. Sauberlich. 1963. 
Dietary bile acids and lipid metabolism. 11. The ductular 
cell reaction induced by lithocholic acid. Proc. SOC. Exp. 
Biol. Mcd. 113: 139-142. 

24. Eyssen, H., M. Vandeputte, and E. Evrard. 1965. Effect 

7-1 1. 

678 JOURNAL OF LIPID RESEARCH VOLUME 12, 1971 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


of various dietary bile acids on nutrient absorption and on 
liver size in chicks. Arch. Znt. Pharmacodyn. Ther. 158: 292- 
306. 

25. Palmer, R. H., and Z. Hruban. 1966. Production of bile 
duct hyperplasia and gallstones by lithocholic acid. J. 
Clin. Invest. 45: 1255-1267. 

26. Zaki, F. G., J. B. Carey, Jr., F. W. Hoffbauer, and C. 
Nwokolo. 1967. Biliary reaction and choledocholithiasis 
induced in the rat by lithocholic acid. J. Lab. Clin. Med. 
69: 737-748. 

27. Palmer, R. H., and A. Kappas. 1963. Fever-producing ac- 
tion of steroids. Med. Clin. N .  Amer. 47: 101-112. 

PALMER AND BOLT Bile Acid Sulfates in Humans 679 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

