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Taurine increases bile acid pool size and reduces
bile saturation index in the hamster?
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Abstract There is evidence that increased availability of
taurine enhances the proportion of taurine-conjugated bile acids
in bile. To explore the possibility that taurine treatment could
also influence hepatic cholesterol and bile acid metabolism, we
fed female hamsters for 1 week and measured both the biliary
lipid content and the microsomal level of the rate-limiting en-
zymes of cholesterol and bile acid synthesis. In these animals the
cholesterol 7a-hydroxylase activity was significantly greater in
respect to controls (P < 0.05). The total HMG-CoA reductase
activity, as well as that of the active form, was similarly increased.
The stimulation of 7a-hydroxycholesterol synthesis was asso-
ciated with an expansion of the bile acid pool size in taurine-fed
animals. Taurine feeding was observed to induce an increase in
bile flow as well as in the rate of excretion of bile acids, whereas
the secretion rate of cholesterol in bile was decreased. As a con-
sequence, the saturation index was significantly lower in taurine-
fed animals (P < 0.05). The possible mechanisms through
which taurine exhibits the modification of the enzyme activities
and of the biliary lipid composition are discussed. — Bellentani,
S., M. Pecorari, P. Cordoma, P. Marchegiano, F. Manenti, E.
Bosisio, E. De Fabiani, and G. Galli. Taurine increases bile
acid pool size and reduces bile saturation index in the hamster.
J. Lipid Res. 1987. 28: 1021 —1027.
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Bile acids are conjugated with glycine and taurine before
their secretion in bile. In the hamster and in humans,
taurine is primarily of dietary origin (1) and normally the
hepatic taurine conjugation of bile acids accounts for
about 30-35% of the total bile acid pool in these species.
Glycine and taurine bile acid derivatives possess different
physicochemical properties which partly account for their
functional and metabolic differences. Taurine-conjugated
bile acids are more water-soluble and less toxic than
glyco-conjugated bile acids (2). In rats, for example, the
glyco-, but not the tauro-conjugated form of sulfo-
lithocholate induces cholestasis (3). Furthermore, taurine
feeding has been shown to prevent cholestasis induced by
lithocholic acid sulfate in the guinea pig (4).

A reversal of glycine to taurine conjugation ratio (G/T
ratio), which is easily obtained by prolonged feeding of
taurine (5, 6), has been suggested to be particularly
beneficial in humans during ursodeoxycholate treatment
for cholesterol gallstone dissolution (7) inasmuch as the
tauro-conjugate of ursodeoxycholic acid is more capable
of solubilizing lipids than the glycine conjugate (8).

Evidence that taurine administration can also affect
cholesterol and bile acid metabolism in humans has
already been reported, but results were conflicting. Oka-
moto et al. (9) found an increase of bile salts and a
decrease of cholesterol in the duodenal bile of taurine-
supplemented preterm infants. On the other hand, Wat-
kins et al. (10) showed that the rate of bile acid synthesis
was unmodified in low-birth-weight infants. Finally, in the
only study available in adult humans, Hardison and
Grundy (6), by performing cholesterol balance studies in
six volunteers fed taurine, did not find any remarkable
modification of cholesterol and bile acid pool size, turn-
over and synthesis rate. The lack of the effect in this case
may, however, depend on the fact that the dietary intake
of taurine was not controlled; therefore, it is difficult to
quantitate the exact amount of taurine consumed by those
subjects.

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A;
HPLC, high pressure liquid chromatography; ALT, alanine transferase;
AP, alkaline phosphatase; TCA, taurocholic acid; GCA, glycocholic
acid; TCDCA, taurochenodeoxycholic acid; GCDCA, glycochenode-
oxycholic acid; TDCA, taurodeoxycholic acid; GDCA, glycodeoxycholic
acid; TLCA, taurolithocholic acid; GLCA, glycolithocholic acid; TUD-
CA, tauroursodeoxycholic acid; GUDCA, glycoursodeoxycholic acid

'Reports of this work were presented at the 19th Meeting of the Italian
Association for the Study of the Liver, Verona, Italy, 14-16 June 1986;
at the 21st Meeting of the European Association for the Study of the
Liver, Groningen, The Netherlands, 3-6 September 1986; and at the 9th
International Symposium on Drugs Affecting Lipid Metabolism,
Florence, Italy, 22-25 October 1986.
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Due to these conflicting data, we thought it to be of in-
terest to reconsider the problem by studying the effects of
taurine dietary supplementation on cholesterol and bile
acid metabolism under more controlled experimental
conditions. The hamster was chosen because it shares
some common features with man in the sterol and taurine
metabolism, such as bile acid biliary composition (11),
modulation of the rate-limiting enzymes of cholesterol
and bile acid synthesis (12), hepatic bile acid conjugation
(13), and taurine body distribution (14). Specifically, in
relation to bile acid conjugation the hamster, as well as
man, conjugates bile acids with both taurine and glycine,
and taurine is generally the preferred substrate (13).

The aim of the present study was to answer the follow-
ing questions. I) Does taurine feeding influence bile acid
pool size and the rate of biliary secretion of cholesterol
and bile acids? 2)Are the changes related to a modifica-
tion of cholesterol and bile acid synthesis in the liver?

MATERIALS AND METHODS

Compounds

[1,2-1*C]Taurine (sp act 97.5 mCi/mmol) was purchased
from New England Nuclear Corp., Boston, MA. Taurine
used as dietary supplement in this study was kindly sup-
plied by Gipharmex S.p.A., Milano, Italy. All bile acids
used as standards for HPLC were purchased from Cal-
biochem, La Jolla, CA, and they were 98-99% pure by
HPLC,

The 3a-hydroxysteroid dehydrogenase used for the en-
zymatic assay of BA and the HMG-CoA were obtained
from Sigma Chemical Co., St. Louis, MO. The kits for
ALT, AP, cholesterol, and phospholipid assays were from
Boehringer, Mannheim, FRG. All other chemicals and
solvents were purchased from Carlo Erba, Milano, Italy,
and were of analytical grade.

Animals and diets

Female Golden-Syrian hamsters (100-130 g body
weight), obtained from Charles River, Calco Como, MI,
Italy, were fed a commercial diet and maintained on a
controlled light cycle from 8 AM to 8 PM. Animals were
kept in metabolic cages and received taurine (0.063 g/100
m] of drinking water) for 1 week. This dosage was equiva-
lent to an average consumption of 350-400 mg/kg body
weight. Two sets of experiments were performed. In the
first, at the end of the treatment, six couples of pair-
matched animals (one control and one taurine-fed
hamster) were anesthetized with Nembutal (10-12 mg/100
g body weight) and, after cholecystectomy, the bile duct
was cannulated with a PE10 catheter. Bile was collected
every 10 min for the first 2 hr for the determination of the
bile flow and biliary lipid excretion rate. Each of the two
hamsters was then put in a restraining cage and bile was
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collected for 14 hr for the measurement of the bile :cid
pool size. During the period of collection, body tempera-
ture was maintained at 37°C by the use of a heating lamp.
In the second set of experiments, other animals (12 per
each group) were killed by decapitation between 9 AM
and 10 AM, blood was collected, and the liver was divided
in three aliquots for taurine, HMG-CoA reductase, and
cholesterol 7a-hydroxylase determination.

Biliary cholesterol, phospholipid, and bile acid assay

The concentration of cholesterol, phospholipids, and
bile acids in the bile samples was measured using enzy-
matic methods as previously described (15-17). The
cholesterol saturation index was calculated according to
the formula of Thomas and Hofmann (18) based on the
cholesterol saturation equilibrium of Hegardt and Dam
(19), which has been shown to be valid for the range of
total lipid concentration in the bile of hamsters (11).

Individual conjugated bile acids were analyzed by
HPLC on an LC 5000 Varian instrument (Varian, Palo
Alto, CA), a Varian column heater, and a Varian CDS
111L area integrator, using an RP-18, SPHERI-5 column
4.6 mm x 250 mm (Brownee Labs Inc., Santa Clara, CA),
according to the method of Nakayama and Nakagaki (20).
Bile samples were extracted with 10 volumes of methanol;
the sample was dried, resuspended in the solvent system
[acetonitrile-methanol-potassium phosphate buffer 30
mM (pH 3.40) 10:60:30 (v/v/v)] and filtered through a
disposable Millipore HV filter, pore size, 0.45 um.
Testosterone acetate (100 pg/ml) was used as an internal
standard. An aliquot of 20 ul of the filtered extract was in-
jected onto the column. The flow rate was 1.0 ml/min with
2000 p.s.i. isobaric flow. Detection was made at 205 nm
and temperature was kept at 40°C. Under these condi-
tions all the conjugated bile acids were eluted within
40-45 min. A standard mixture of conjugated bile acids
at a concentration of 100-120 ug/ml was injected each day.
Peak areas were computed manually or with the use of an
integrator. Recovery of each conjugated bile acid was
similar to that reported by Nakayama and Nakagaki (19)
and ranged between 95 and 100%.

Hepatic HMG-CoA reductase and cholesterol 7a-
hydroxylase determination

Liver aliquots were homogenized in buffer A or B,
respectively, for HMG-CoA reductase or cholesterol 7a-
hydroxylase. Buffer composition was as follows: A, 0.3 M
sucrose, 10 mM mercaptoethanol, and 50 mM sodium
fluoride; B, 0.25 M sucrose, 1 mM EDTA, and 50 mM
sodium fluoride. Microsomes were isolated as previously
described (20) by centrifuging the 10,000 g supernatant of
the liver homogenates at 105,000 g for 1 hr. Microsomal
pellets were washed and resuspended in the appropriate
buffer as described for each enzyme determination. All
the procedures for microsome preparation were performed
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at 0-4°C. No further purification of the microsomal
suspension was carried out. Microsomal suspensions were
kept frozen at - 80°C, until use. Protein concentration
was determined according to Bradford (21), using
albumin as a standard. Washed liver microsomes
prepared as described above were incubated under the
following different conditions. HMG-CoA reductase ac-
tivity was determined with microsomes suspended in 300
mM KCl, 1 mM EDTA, 5 mM dithiothreito], 50 mM
phosphate buffer, pH 7.2. Assay conditions for the deter-
mination of both the fractions (active and total) of HMG-
CoA reductase were as described by Cighetti, Galli, and
Galli Kienle (22). Mevalonate formed during the incuba-
tion was measured by selected ion monitoring (23). The
analyses of the extracts of samples after incubation were
performed on a Varian Mat 112 S gas chromatograph-
mass spectrometer as follows. Mevalonate, after its con-
version to the lactone-trimethylsilyl derivative, was
determined using an SPB 35 capillary column (Supelco,
Bellefonte, PA), oven temperature 145°C, helium flow 0.8
ml/min; quantitation was carried out using deuterated
mevalonic acid lactone as internal standard.

Cholesterol 7a-hydroxylase was assayed with micro-
somes suspended in 0.1 M phosphate buffer, pH 7.4
under the conditions previously described (24). 7a-
Hydroxycholesterol formed from endogenous substrate
was measured by selected ion monitoring (25). 7a-
Hydroxycholesterol was determined as its trimethylsilyl
derivative using an SP 2250 column (Supelco, Bellefonte,
PA), 1 m length, oven temperature 280°C, helium flow 2
ml/min, using 5 a-cholestane as a reference compound.
Each enzyme assay was performed in triplicate and the
variation of the method was within the range of 10%.

Fecal extraction and analysis

Stool samples from the last 2 days of the study period
were combined and homogenized with water. The proce-
dures for the extraction of neutral sterols and bile acids in
feces were according to Miettinen, Ahrens, and Grundy
(26) and Grundy, Ahrens, and Miettinen (27). Neutral
sterols were analyzed by gas-liquid chromatography (26)
and sterol excretion was calculated as the sum of the
amount of cholesterol and coprostanol. Bile acid content
was analyzed by the Sterognost-3e -enzymatic method
(17). This method may give an overestimation of the
amount of bile acids in feces due to the interference of
other steroids that are substrates for the 3a-
hydroxysteroid dehydrogenase. However, in the context of
the present investigation, these interferences may not be
so important, since the relative rather than the absolute
value of excretion in the treated and control animals was
the objective of the study.

Measurement of taurine

Taurine was measured in food, serum, urine, and liver
of the animals. One g of the standard food pellet was

homogenized in 5 ml of 6% sulfosalicylic acid and boiled
at 110°C for 30 min. The solution was cooled, filtered,
and centrifuged at 2000 g for 20 min. The supernatant
was injected in an automated Kontron Liquimat III
amino acid analyzer. The content of taurine in the stand-
ard diet was 0.905 mg/g of food pellet (mean of triplicate
determinations).

Aliquots of liver (1 g) were homogenized in 4 mi of 0.25
M sucrose and taurine was extracted by the method
described by Hardison and Proffitt (28). The extract was
redissolved in 1 ml of water and 8 ml of acetone. After
centrifugation to remove the inorganic salts, the superna-
tant was evaporated and the residue was dissolved in 1.2
ml of 6% sulfosalicylic acid. The solution was filtered
through a 0.45-um filter and 200 ul was used for amino
acid analysis on the automated Kontron amino acid ana-
lyzer. Recovery of taurine was evaluated by addition of 1.2
pCi of ["*C]taurine to the food pellet and to the liver
homogenates before the extraction. Taurine concentration
in serum and urine was analyzed with the same procedure
using 2 ml of the biological specimen.

Statistical analysis

Significance of differences between means was deter-
mined using the Student’s ¢ test (29).

RESULTS

As shown in Table 1, taurine administration induced
a 25-30% increase of water intake and an equivalent
decrease of food consumption in the treated animals,
although these differences were not statistically signifi-
cant. However, it is likely that the nutritional status of the
two groups of animals was similar at the end of treatment,
because neither the body nor the liver weights were in-
fluenced (Table 1). The amount of taurine derived from
the diet in control animals corresponded to 13 + 1 mg/day.
On the basis of the combined food and water intake, the
amount of taurine ingested by the treated hamsters was
35-50 mg/day, thus equivalent to three- to fourfold the
normal average dietary intake.

Biochemical parameters such as serum cholesterol,
ALT, AP, and taurine levels were also similar (Table 2).

TABLE 1. Effects of taurine on food consumption, water intake,
and body and liver weights at the end of treatment’

Parameter Control Taurine-Treated
Food consumption (g) 142 + 2.2 9.6 + 1.9
Water intake (ml) 46.2 + 18.2 65.2 + 28.7
Body weight (g) 122 + 34 132 + 12
Liver weight (g) 43 + 1.0 4.1 t 0.4

*Means + SD; six animals per group.
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TABLE 2. Effects of taurine on serum cholesterol, alanine trans-
ferase (ALT), alkaline phosphatase (AP), and taurine levels®

Serum Biochemical

Parameters Control Taurine-Treated
Cholesterol {gmol/ml) 43 + 05 4.3 + 0.9
ALT (U/ml) 100 + 36 84 + 33
AP (U/ml) 150 + 33 202 + 24
Taurine (pmol/ml) 0.25 + 0.04 0.29 + 0.08

‘Means + SD; six animals per group.

The urine and hepatic content of taurine was significantly
greater in taurine-treated animals than in controls (Fig.
1).

Taurine induced an evident choleresis, as bile flow dur-
ing the first hour of bile collection was 2.9 + 0.27 pyl/min
per g of liver in treated hamsters versus 1.7 + 0.38 ul/min
per g of liver in controls (P < 0.05). The choleretic effect
was associated with a higher total bile acid output in the
taurine-treated animals during the first hour of bile col-
lection (Table 3). Similarly, the amount of total bile acids
in the bile collected after 14 hr from the taurine-fed ani-
mals was higher than in controls as well, indicating that
taurine feeding expanded the total bile acid pool (Table
3). On the other hand, the biliary cholesterol output was
decreased in the taurine-supplemented animals and, con-
sequently, the saturation index was significantly lower
than in control animals (Table 3). No difference in the
daily sterol and bile acid fecal excretion between the two
groups was found (Table 3).
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Fig. 1. Urinary and hepatic content of taurine in control and taurine-
fed hamsters (mean # SD of six animals per group). *P < 0.001 versus
controls (unpaired t-test).
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Taurine did not cause any significant modification of

the content of the main bile acids in the bile or of the pro-
portion of tauro- to glyco-conjugated bile acids (Table 4).
G/T ratio was, however, statistically significant in respect
to controls only after 15 days of treatment (1.08 + 0.3 vs.
1.8 £ 0.5, P < 0.05, mean + SD of six experiments). Bile
samples of taurine-fed animals contained unidentified,
more hydrophilic bile acids, which were not present in the
bile of control hamsters (Table 4).

The activity of HMG-CoA reductase and cholesterol
7a-hydroxylase was higher in the taurine-treated animals
compared to controls (Fig. 2).

DISCUSSION

Female hamsters were fed an amount of taurine that
was three- to fourfold the normal intake, and many effects
were observed. The hepatic content of taurine increased
more than threefold. Bile acid pool size, directly
measured by draining the bile over 14 hr (30), expanded
by 30%; the biliary secretion rate of cholesterol decreased
while bile acid output increased and, therefore, the litho-
genic index was reduced. The activity of HMG-CoA
reductase and cholesterol 7a-hydroxylase was stimulated.
Fecal excretion of sterols and bile acids did not change sig-
nificantly, nor did the biliary conjugation pattern of bile
acids. Under our conditions, the change of G/T ratio was
not apparent, probably because of the short time of treat-
ment, since when animals were fed taurine for 15 days,
the G/T ratio was significantly different from that of the
controls.

There are three possible reasons to explain the increased
pool size of bile acids: decreased loss, increased synthesis,
or decreased turnover rate. We found that the bile acid
fecal excretion in the taurine-fed hamsters was lower than
that of controls even though the difference was not statis-
tically significant. This could be consistent with the hy-
pothesis that bile acid turnover is diminished. However, in
contrast to these findings, the biliary bile acid secretion
rate measured during the first hour of bile diversion,
which in part can reflect the bile acid cycling frequency,
was constantly and significantly higher in respect to con-
trols. This suggests that the bile acid turnover rate could
be either unchanged or expanded (as other authors have
previously shown in other species) (31, 32). An in vivo
measure of the daily fecal loss of a preinjected dose of
1C-labeled cholic acid could have probably helped in dis-
criminating between decreased, unchanged, or increased
bile acid turnover rate. Since we did not perform this
balance study, any of these possibilities can presently be
excluded. We also measured cholesterol 7a-hydroxylase
activity in isolated microsomes, which in most instances
is directly correlated with the rate of bile acid synthesis in
vivo (33), and we found that it was also 30% higher than
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TABLE 3. Biliary and fecal lipid excretion and bile acid pool size in control and taurine-treated animals®

Parameter Control Taurine-Treated
Bile acid output (4)’ (umol/1st hr per kg) 45.8 1+ 18.0 75.0 + 16.6°
Cholesterol output (4)’ (wmol/hr per kg) 1.38 + 0.6 0.82 + 0.37°
Phospholipid output (4)° (umol/hr per kg) 3.6 + 09 45 + 1.6
Bile acid pool size (4) {(gmoVkg) 174 3 58 250 + 81°
Saturation index (4) 1.21 ¢ 0.4 0.59 + 0.5°
Fecal neutral sterol excretion (6) (mg/day) 5.1 ¢+ 1.4 3.7 £ 0.6
Fecal bile acid excretion (6) (mg/day) 3.7+ 1.2 24 ¢ 0.7

“Means + SD; number of determinations in parentheses.
*Values refer to average output during the first hour of bile collection.

‘P < 0.05 versus controls (paired ¢-test).

“Values refer to average output during the 14 hr of bile collection.

in controls. Therefore, we might assume that the increased
cholesterol 7a-hydroxylase activity supports the hypothe-
sis that the expansion of the bile acid pool in the taurine-
fed animals is sustained by an increased hepatic bile acid
synthesis.

The biliary output of cholesterol in taurine-fed animals
was lower than in controls. The secretion of cholesterol in-
to bile depends on the rate of cholesterol synthesis and on
the amount of lipoprotein cholesterol entering the liver. It
has been shown that, in the hamster, biliary cholesterol
secretion is dissociated from the rate of hepatic cholesterol
synthesis (30). Biliary cholesterol derives predominantly
from a preformed source and only 2-5% comes directly
from the newly synthesized sterol (30). As it can be ar-
gued from the higher activity of HMG-CoA reductase in
taurine-fed animals, hepatic cholesterol synthesis was
probably increased to provide for the increased need of
new cholesterol for bile acid synthesis. Since hepatic up-
take of cholesterol is inversely correlated to hepatic
cholesterol synthesis (34), the hepatic uptake of cho-
lesterol from the circulation was probably reduced in
taurine-fed animals, due to the modulation of low density

TABLE 4. Bile acid composition and ratio between glyco- and
tauro-conjugated bile acid (G/T ratio) of hepatic bile"

Bile Acid Controls Taurine-Treated
TUDCA 2+ 06 2+ 0.7
GUDCA 4 + 3.5 2+ 10
TCA 28 + 15 21 + 10
GCA 35 + 10 38 + 10
TCDCA 7 + 40 5+ 28
GCDCA 9 1+ 6.1 10 + 5.6
TDCA 34+ 13 5+ 4.0
GDCA 5+ 25 8 + 3.0
TLCA 2+ 18 2+ 1.4
GLCA 5+ 3.6 2+ 1.4
Others® 5+ 25
G/T ratio 1.8 £+ 0.5 16 + 0.6

‘Means + SD; six animals per group.
*Unidentified bile acids with higher polarity.

lipoprotein receptors by newly synthesized cholesterol.
This would mean a reduced availability of cholesterol to
be delivered to bile and a consequent reduction of biliary
cholesterol output. The possibility that HMG-CoA re-
ductase and cholesterol 7a-hydroxylase activities could be
stimulated via an increased loss of bile acids, as occurs
with bile salt sequestrants (24), is excluded by the fact that
fecal excretion of sterols and bile acids is unchanged.
The metabolic route through which taurine exerts its
effect on HMG-CoA reductase and cholesterol 7a-
hydroxylase is presently under investigation. Among the
hypotheses, the one which takes into account the activa-
tion of the enzymes induced by thiol compounds was con-
sidered. Several authors have reported that the activities
of the two enzymes are modulated by sulfhydryl com-
pounds (35~40), and reduced glutathione appears to be
the physiological modulator. Taurine could indirectly act
on the metabolic pathway of sulphur-amino acids, since it
is biosynthesized in the liver from cysteine. Administra-
tion of taurine could therefore enhance the availability of
cysteine, which is the limiting precursor in glutathione
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Fig. 2. Activity of HMG-CoA reductase and cholesterol 7 a-hydrox-
ylase in control and taurine-fed hamsters (mean + SD of 12 animals per
group). *P < 0.05 versus controls (unpaired ¢-test).
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synthesis (40). Such an effect on the bile acid enzyme
regulatory system could not be specific for taurine and
could be evident also for other sulfur-amino acids, as was
recently demonstrated for L-cysteine (40). At present, we
cannot make a firm conclusion on this matter. However,
results of a preliminary experiment show that, in
glutathione-depleted animals treated with taurine, the
levels of hepatic glutathione (1.45 + 0.25 pmol/g tissue,
mean + SD of three determinations) are higher than in
untreated animals (0.73 + 0.23 pmol/g tissue, P < 0.02).
These data are in favor of the hypothesis that a modifica-
tion of the thiol status of the liver may account for the en-
hancement of the enzymatic activities observed in
taurine-fed animals. B
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