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SUMMARY

The enterohepatic recirculation of bile salts exerts
important regulatory effects on many hepatic, biliary
and intestinal functions; such regulation is likely to
depend, to a large extent, on the physical-chemical
property of hydrophobicity of the recirculating pool.
The  present summarizes the
experimental evidence carried out by our research
group over the past two decades, in the attempt to
investigate systematically the relationships between
structural properties and biological effects of bile
acids in  humans. Hydrophobic bile acids
(chenodeoxycholic acid, deoxycholic acid), but not
hydrophilic acids (ursodeoxycholic acid), significantly
suppressed hepatic activity of HMG-CoA reductase,
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the limiting step of cholesterol synthesis, and in vivo
cholesterol 7a-hydroxylation, the limiting step of bile
acid synthesis. The output of biliary cholesterol and
phospholipid was also directly related to the
hydrophobicity of the bile acid pool. Finally,
treatment with chenodeoxycholic acid, but not with
ursodeoxycholic acid, significantly decreased gall-
bladder emptying rates. When turning to the in
vitro model of HepG2 cells, hydrophobic bile acids
were found to induce greater cytotoxic and pro-
apoptotic effects. From this series of studies, we
conclude that the regulatory effects of bile acids on
the liver and biliary tract are largely dependent on
the  hydrophobic—hydrophilic  balance of the
recirculating bile acid pool.

INTRODUCTION

Bile salts, due to their physical-chemical properties and
the efficient mechanism for their transport across the
intestine and the liver, are molecules well preserved
within the anatomic compartment made by liver, biliary
tract, intestine and portal circulation. This enterohepa-
tic circulation (EHC) of bile salts is thus a highly
economic circuit of molecules that contributes to the
regulation of several hepatic, biliary and intestinal
functions.’

In order to understand its functions, the EHC of
bile salts has to be considered both quantitatively
and qualitatively. In humans, the pool of bile salts
varies from 2 to 4g and recirculates in the EHC 6—
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10 times a day. The result is that some 12-36¢g of
bile salts flow through the liver and intestine each
day.

In addition, individual bile salt molecules have a
different balance between their hydrophobic (steroid
nucleus) and hydrophilic moieties (OH substituents and
side chain amino terminal), depending mainly on the
number, position and orientation of the OH groups in
the molecule and on the conjugation with either glycine
or taurine. Ranking of common bile salts in order of
hydrophobicity is: monohydroxy (lithocholic acid, LCA)
> dihydroxy (deoxycholic acid, DCA; chenodeoxycholic
acid, CDCA) > trihydroxy acid (cholic, CA). Glycine
conjugates are more hydrophobic than taurine con-
jugates.

Ursodeoxycholic acid (UDCA), a dihydroxy bile
acid epimer of CDCA, is the most hydrophilic acid,
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owing to the presence of an OH group (7f instead of
7a position) located close to the hydrophobic site of
the molecule.

The hydrophobic-hydrophilic balance®> determines
many physical-chemical characteristics of bile acids,
including critical micellar concentrations and detergent
properties, and bears on the biological functions that
bile salts contribute to the regulation of, recirculating in
the EHC.

In humans, the bile salt pool is made, in physiological
conditions, by CA and CDCA (in equal proportions,
nearly 40% of the total), DCA (20%) and traces of LCA
and UDCA. Thus the hydrophobic—hydrophilic balance
of the pool is shifted toward hydrophobicity.

In this short review we will consider some hepatic
and biliary functions affected by the EHC of bile salts in
humans, depending on the composition of the pool;
emphasis will be given to the gall-bladder motor
function.

HEPATIC CHOLESTEROL METABOLISM

The main contribution to body cholesterol comes
from synthesis by the liver. The rate-limiting step in
the synthetic process, the conversion of HMG-CoA to
mevalonate, is catalysed by HMG-CoA reductase.
Studies on human liver preparations have shown
that HMG-CoA reductase is depressed in subjects
treated short-term with hydrophobic bile
whereas hydrophilic ones such as UDCA seem to
produce an increased enzyme activity, probably
owing to a shift of the bile acid pool towards
hydrophilicity.*>

In humans, bile acids, end products of hepatic
cholesterol degradation themselves, have been shown
to regulate their own synthesis by a negative
feedback mechanism. In fact subjects treated with
cholestyramine, a bile acid sequestrant resin, show a
dose-dependent increase of cholesterol 7o hydroxyla-
tion rate, the first committed and rate-limiting step in
the pathway from cholesterol to bile acid.®”

In contrast, subjects with cholestasis display a
reduced rate of 7o hydroxylation of cholesterol that
returns to normal values once cholestasis is relieved.® In
addition, studies in which subjects were treated with
individual bile acids demonstrated that hydrophobic,
but not hydrophilic, bile acids are able to suppress 7o-
hydroxylation of cholesterol.®

acids,
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BILIARY LIPID SECRETION

In humans, as in many animal species, biliary secretion
of cholesterol and phospholipids is a function of bile acid
secretion.” The mechanism currently held responsible
for this secretory coupling is that of solubilization of
canalicular membrane microdomains due to bile acids
present within the canalicular lumen.'® In this way
cholesterol-phospholipid vesicles enter bile canaliculi
where they undergo solubilization in mixed micelles.

Such a mechanism is supported by early observations
by our group obtained in a systematic study carried out
on T-tube subjects.'** 12 In this model, with its inherent
limitations, it was shown that changes in composition of
the bile acid pool, brought about by acute duodenal
infusion of individual bile acids, associated with varia-
tions of cholesterol and phospholipid secretion into the
bile. Hydrophobic bile acids, such as DCA or CDCA,
induced a lipid secretion significantly greater than that
observed during secretion of hydrophilic bile acids such
as CA or UDCA.

In the same study, evidence of the interaction
between bile acids and the canalicular membrane was
provided by the observation that secretion of a
canalicular ecto enzyme, such as alkaline phosphatase,
was related to biliary lipid output.

Subsequent studies, carried out on experimental
animals, confirmed that the hydrophobic—hydrophilic
balance of the bile acid pool is a main determinant of
biliary lipid secretion.'?

REGULATION OF LIVER MASS

Liver injury associated with cholestasis has been
attributed to the retention of bile acids in the liver.
Indeed, in an in vitro model using cell cultures
hydrophobic bile acids have been shown to be
cytotoxic.M' 15

Although cytotoxicity of bile acids may be related to
membrane disruptive effects from their detergent
properties, it seems that non-detergent mechanisms
are also involved.'® 17 In fact, our study using HepG2
cells and concentrations of hydrophobic bile acids far
below those necessary to induce enzyme release has
shown that hydrophobic Dbile acids depress
[*H]thymidine incorporation, and increase DNA degra-
dation and apoptosis.'®

Indeed, whereas widespread liver cell necrosis is not a
prominent feature in most cholestatic liver diseases, it
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Figure 1. Effect of treatment with UDCA or CDCA on gall-bladder motor function in subjects with or without cholesterol gallstones.
Bile acids (10 mg/kg) were administered for 4 weeks. Gall-bladder contraction was induced by a standard liquid meal. The half-life of
gall-bladder emptying, reported on the ordinate, was evaluated by ultrasonography.

seems that apoptosis occurs more frequently than
necrosis.'” It could be speculated that in physiological
conditions hydrophobic bile acids could also contribute
to the regulation of liver cell mass through induction of
apoptosis.

BILE ACID POOL COMPOSITION AND GALL-
BLADDER MOTOR FUNCTION

Gall-bladder hypomotility is currently held as a key
determinant, in addition to cholesterol supersaturation
and nucleation of cholesterol crystals, in the pathogen-
esis of cholesterol stones.?’

Failure of the gall-bladder to fill and empty
properly has been well established in animal models
of cholelithiasis.?!'2?> Recently, altered gall-bladder
motor function was also demonstrated clearly in
gallstone patients by measuring gall-bladder bile
turnover using a combination of cholescintigraphy
and ultrasonography.?> The increased diversion of
hepatic bile into the duodenum, due to the hypomo-
tility of the gall-bladder, leads to an increased
intestinal metabolism of bile acids, with the con-
sequence that the bile acid pool enriches with
secondary bile acids such as deoxycolate. This, in
turn, could suppress bile acid synthesis and induce a
greater biliary lipid secretion.®!! However, in the
sequence linking bile cholesterol supersaturation to
gall-bladder hypomotility, it is matter of debate which
of the two represents the primary event.

Alternatively, both of them might be contributed to
by bile acid pool composition. In this line of reasoning a
series of studies has examined the direct effect of
individual bile acids on gall-bladder motility in different
experimental settings. Thimister etal.”* reported that
acute duodenal infusion of CDCA in healthy volunteers
is able to inhibit CCK- or bombesin-stimulated gall-
bladder emptying. The effect could possibly be attributed
to a diminished sensitivity of the target organ to CCK,
caused by circulating hydrophobic CDCA.

In a similar study conducted by our group,?® subjects
with cholesterol gallstones were treated for 4 weeks
with CDCA or UDCA to obtain enrichment of the bile
acid pool with the administered bile acid. CDCA-, but
not UDCA-, treated subjects showed a decreased gall-
bladder emptying compared with pre-treatment values
(Figure 1). The changes of gall-bladder motility induced
by bile acids seem to be a direct effect related to the bile
acid structure.

Using gall-bladder muscle strips of subjects with
cholesterol stones, Stolk etal.?® demonstrated that the
response of a muscle strip to either acetylcholine or CCK
was impaired by addition of bile salts, either unconju-
gated or tauroconjugated; the suppression of contrac-
tility was related directly to the bile salt hydrophobicity,
being none with UDCA and greatest with DCA.

In a similar in vitro study, using guinea-pig gall-
bladder smooth muscle, Xu etal?” showed that
contractility, stimulated either by CCK, bethanechol,
KCI or electric field, was depressed by bile salts in a
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concentration-dependent manner and in order of
increasing hydrophobicity of the bile salt used.

The mechanism by which bile salts induce changes of
gall-bladder contractility is not defined. Acting at a
micromolar range of concentration, either circulating or
luminal bile salts may be responsible for the effect on the
gall-bladder. The relevance of the reported findings on
the pathophysiology of gall-bladder motor function in
subjects with cholesterol stones is not straightforward.

In a study on gall-bladder motor function conducted
on subjects with cholesterol gallstones, Stolk etal.?®
were able, on the basis of post-prandial gall-bladder
emptying evaluated by ultrasonography, to group
subjects as strong or weak contractors, suggesting that
hypomotility of the gall-bladder plays an initiating role,
in the sequence of events leading to gallstone formation,
only in some cases. However, the bile acid pool
composition in the two groups of subjects did not show
any significant difference.

In addition, Behar et al.?® reported that muscle strips
obtained from human gall-bladder harbouring choles-
terol stones show a reduced contractility compared with
that observed in muscle strips from gall-bladder
containing pigment stones, speculating that excess
cholesterol in bile might diffuse in the gall-bladder wall
and impair muscle contractility.

In conclusion, hypomotility of the gall-bladder plays a
key role in the process of gallstone formation; the
pathogenesis of impaired gall-bladder motor function is
possibly multifactorial, including an increased hydro-
phobicity of bile acid pool composition.

CONCLUSIONS

The overall evidence from studies on experimental
animals and humans supports the view that most of
the physiological regulatory effects of EHC of bile salts
are directly or indirectly related to the hydrophobic—
hydrophilic balance of the bile salt pool.
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