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ABSTRACT Bile acids are secreted from the liver into the duodenum where
they aid in the digestion and absorption of dietary lipids. Absorption of bile acids
‘occurs through both ionic and nonionic diffusion in the jejunum and colon and
through an active sodium ion-dependent carrier mechanism in the ileum. The
primaty bile acids synthesized in the liver can be converted by intestinal bacteria
into secondary and tertiary bile acids. Bile acids may also be conjugated with
glycine or taurine which results in an increase in the hydrophilicity and solubility
of these compounds at physiological pH. The amount of passive diffusion of bile
acids that occurs across the brush border membrane along the length of the entire
intestine depends upon the ratio of ionized to nonionized bile acids coupled with
the bile salt concentration and the individual permeability coefficients of
monomers. Active transport of both conjugated and nonconjugated species of
bile acids depends upon the presence of a single negative charge on the side chain.
Maximal transport rates for bile acids are related to the number of hydroxyl
groups present while the Michaelis-Menten constant for transport is dependent
upon whether or not the bile acid is conjugated. Although active uptake of bile
acids from the ileum has been considered the major route for bile salt absorption
in the small intestine, the mechanism may actually be responsible for only a small
‘proportion of the total bile acid pool absorbed from the lumen. Can ]
Gastroenterol 1990;4(2):79-84
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Absorption intestinale des sels biliaires

RESUME: Les acides biliaires sont sécrétés par le foie et déversés dans le
‘duodénum ot ils participent A Pabsorption des lipides alimentaires. L'absorption
des acides biliaires s'effectue par diffusion ionique et non-ionique dans le jéjunum
et le calon, et par l'intermédiaire d’un mécanisme de transport actif lié au Na*
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Intestinal absorption of bile

HE SECRETION OF BILE FROM THE

liver into the small intestine plays
an important role in the efficient ab-
sorption of dietary lipids from the gut
lumen. Bile is a complex mixture of bile
acids, bile pigments, cholesterol, phos-
pholipids, inorganic electrolytes and
protein, which is secreted from the
hepatocyte into the bile canaliculus
and transported to the gallbladder for
storage. Following ingestion of a meal,
bile is released into the duodenum
where bile acids aid in the digestion and
absorption of dietary lipids. The bile
acids are absorbed either by ionic or
nonionic diffusion in the small intes-
tine and colon (1), and via a process
mediated by a sodium ion-dependent
carrier in the terminal ileum (2). Al-
though active absorption of bile acids
by the ileum has traditionally been
regarded as the main pathway of absorp-
tion, this mechanism may actually be
responsible for only a small proportion
of the total bile acid pool absorbed from
the lumen. Following intestinal absorp-
tion, bile acids return to the liver via the
portal vein, where more than 95% are
removed on the first pass though the
liver. This enterohepatic circulation al-
lows for conservation of the bile acids.
Only 10% of the total bile acid pool is
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lost in the feces per day. This daily loss
is balanced by hepatic synthesis of new
bile acids from cholesterol. The total
bile acid pool in humans is 3 to 5 g,
which circulates six to 10 times every
day, resulting in over 18 g of bile acids
entering the gut per day (3).

PHYSIOLOGICAL ROLE

Bile salts consist of a steroid
hydrophobic nucleus with hydrophilic
hydroxyl #hd amide linkages. At a con-
centration range of 0.6 to 10 mM (the
critical micellar concentration), bile
salt molecules aggregate with their
hydrophobic sides together forming
micelles (4). In this way, bile salt micel-
les can make soluble molecules that are
otherwise water insoluble, eg,
cholesterol, lecithin, lipovitamins and
monoglycerides, to form mixed micelles
(4). The critical micellar concentration
varies depending on the individual bile
salts present, temperature, pH, presence
or absence of lipids, and ionic con-
centration of the solution (5). Above
the critical micellar concentration, bile
salt monomers and micelles exhibit an
equilibrium, with the monomeric con-
centration not exceeding the critical
micellar concentration (5).

Bile salt micelles form a one-to-one
complex with colipase (6). In tumn,
colipase binds to lipase in a one-to-one
ratio (6). This binding interaction of
micelles to colipase to lipase serves to
facilitate removal of the lipolytic end
products into the mixed micelles and
prevent feedback inhibition of
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hydrolysis (7). Mixed micelles consist-
ing of fatty acids, monoglycerides,
lecithin, lysolecithin, diglyceride,
cholesterol and bile salts pass through
the unstirred water layers to enterocytes
where the digestion products passively
enter the epithelial cell (8).

Bile secretion also provides a
mechanism for the excretmn of
cholesterol and exo drugs (9).

thesized from cheleaterol but con-
jugated bile salts make cholesterol and
lecithins soluble in mixed micelles
(10). The secretion of these mixed
micelles in bile provides for loss of
cholesterol in feces.

CHEMISTRY OF BILE ACIDS

Bile acids consist of a family of
molecules formed from cholesterol
(Figure 1). Two of the bile salts, known
as primary bile salts, are synthesized in
the liver in humans — cholic acid and
chenodeoxycholic acid (11). Intestinal
bacteria are able to convert primary bile
acids into secondary and tertiary bile
acids via three major mechanisms:
deconjugation (thereby releasing un-
conjugated bile acids); 7-dehydroxyla-
tion converting cholic acid to
deoxycholic acid and chenodeoxy-
cholic acid to lithocholic acid; and 7-
dehydrogenation converting cheno-
deoxycholate to 7-oxolithocholate,
which can be epimerized to urso-
deoxycholate (12). While bile normally
contains only very small amounts of
secondary and tertiary bile acids ( less
than 2 to 5 M), feces and urine contain
a large number of different forms of bile
acids (13,14). This is mainly due to the
inefficient absorption of uncommon
bile acids from the colon (where most
are produced by bacterial action) and
the efficient conversion of uncommon
bile acids to common forms by reduc-
tion, hydroxylation, and epimerization
in the liver (15).

After synthesis, bile acids are con:
jugated with glycine or taurine via the
Cs branched side chain (16). Conjuga-

tion serves to increase the hydro
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Figure 1) Primary, secondary and tertiary bile salts of humans showing sites of synthesis and

metabolism

CAN ] GASTROENTEROL VOL 4 NO 2 MARCH/APRIL 1990




philicity and solubility of bile acids at
physiological pH, thereby decreasing
their ability to cross plasma membranes
(16). Taurine conjugates (pKa 2.0) are
more water soluble than are glycine
conjugates (pKa 3 to 4) and generally
trihydroxy bile salts are more water
soluble than are dihydroxy bile salts
(12). At physiological pH, taurine and
glycine conjugates are completely
ionized and water soluble, leading to
the term ‘bile salt’. ‘Bile acids’ generally
refer to undissociated bile salts, con-
jugated or unconjugated, that are only
mildly water soluble. Bile acids and salts
differ in several of their physicochemi-
cal properties, resulting in different
transport properties (17).

INTESTINAL ABSORPTION OF
BILE ACIDS AND SALTS

Bile salts differ greatly in polarity

and have at least three physiological
routes of the enterohepatic circulation
that differ in rate, location, and species
mransported. These include the jejunal
passive route (fast), the ileal active and
passive routes (intermediate), and the
colonic passive route (slow). A large
percentage of glycine-conjugated
dihydroxy bile acids are absorbed pas-
sively in the jejunum (18,19), while
taurine and glycine conjugates of the
dihydroxy and trihydroxy bile salts are
absorbed actively in the ileum (1,18)
and unconjugated bile acids are ab-
sorbed from the colon (1,20).
Passive diffusion: Bile acids, both con-
jugated and unconjugated, are absorbed
passively at all levels of the intestine.
This passive movement is characterized
by movement down existing concentra-
tion gradients (lumen to portal blood);
an increasing concentration of bile
acids resulting in increased absorption;
no saturation kinetics; no competitive
inhibition between bile acids; and no
effect of metabolic inhibitors on absorp-
tion (1).

There are two barriers which have to
be crossed in order for the bile acid to
enter the enterocyte — these are the
unstirred water layer and the brush bor-
der membrane. Either one of these may
be rate limiting.

- Size and weight are two main factors
| that influence the rate of diffusion

through the unstirred water layer, the
diffusion coefficient being inversely
proportional to size (21). For this
reason, micelles exhibit a much slower
rate of diffusion through the unstirred
water layer than do bile salt monomers,
resulting in a slower rate of uptake from
higher concentrations (greater than the
critical micellar concentration) of bile
acids (22). However, because micelles
and ionized and nonionized monomers
are in equilibrium with each other
above the critical micellar concentra-
tion, all three species will diffuse inde-
pendently through the water layer and
contribute to total absorption (23).

The acidic microclimate (pH 5.1 to
6.3) that exists at the surface of the
enterocytes (23) will also affect uprake
of bile acids, as it is the luminal pH
which determines the proportion of bile
acids in ionized or nonionized form.
Also, micelles have been shown to dis-
sociate ata pH of 5 to 6 (24). The acidic
microclimate would therefore favour
micelle dissociation and the release of
monomers to the epithelial surface for
absorption,

In general, it is the ratio of ionized to
nonionized bile acids, as determined by
intraluminal pH, coupled with the bile
salt concentration and individual per-
meability coefficients of monomers,
that will affect the relative proportion
of bile acids absorbed passively.
Passive nonionic diffusion: In the
lumen of the small intestine, the pH
varies from 5.5 to 6.5, causing about
50% of unconjugated bile salts (pKa 5
to 6.5) to be nonionized, while a very
small percentage of the glycine-con-
jugated bile salts (pK4 3.5t0 5.2) and no
taurine-conjugated bile salts (pKa less
than 1) are nonionized. Under normal
physiological conditions, only con-
jugated bile salts are present in the
jejunum (25). Therefore, the major bile
acids absorbed in the jejunum are
glycine conjugates. However, decon-
jugation of bile salts occurs to a large
extent in the terminal ileum and colon,
and colonic passive absorption of un-
conjugated bile acids occurs con-
tinuously throughout the day (26).
Nonionized species can readily diffuse
through epithelial cell membranes
driven by a concentration gradient
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only. The rate of diffusion of bile acids
across membranes has been found to be
dependent on the number of hydroxyl
groups present and the size of the group
conjugated at Cz4 (27). The passive
permeability coefficients of monomers
have been shown to decrease by factors
of 3.4, 6.8 and 8.1, with the addition of
a hydroxyl, glycine, or taurine, respec-
tively (1). Therefore, for nonionized
bile acids, diffusion through the un-
stirred warer layer becomes rate limit-
ing, especially for micelle solutions
(28). Bile acid absorption from the
micelle at the membrane is believed to
occur only for monomers present in the
aqueous phase that are in equilibrium
with their aggregates within the micelle
(28). There is no evidence that the
entire micelle is taken up intact by the
cell membrane (22).

lonized diffusion: The driving force for
ionized diffusion is the electrochemical
gradient across the membrane. How-
ever, biological membranes are rela-
tively impermeable to charged
molecules; therefore, the diffusion rate
of negatively charged conjugated bile
acids is very low (29). Based on an intra-
luminal activity of | mM, ionized bile
salts will theoretically passively diffuse
at the rate of 400 nmol/min/cm gut,
compared to nonionized movement of
2000 nmol/minfem gut (30). Further
evidence to support a low rate of dif-
fusion for ionized bile salts comes from
nuclear magnetic resonance spectro-
scopy studies. These have shown that at
a high pH (when bile acids are ionized),
there is no appreciable movement of
cholic acid, chenodeoxycholic acid or
deoxycholic acid across a model bilayer
membrane (31). However, following
protonation, a rapid equilibrium be-
tween the inner and outer monolayers
of the membrane was observed (31).
The presence of more than one type of
bile acid in the same bilayer membrane
was found to have no effect on the
movement of any other type (31).

The relative contribution of ionic
versus nonionic diffusion will depend
on the intraluminal pH, the pKj of the
bile acid, and the permeability and par-
tition coefficients of the ionic and non-
ionic species.

Active transport of bile acids: Bile salts
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are transported in the ileum via a
sodium ion-dependent bile acid
cotransport system (29). Energy for ac-
tive transport is provided by the extra-
cellular to intracellular sodium ion
gradient across the brush border
membrane, that is maintained by
Na®-K'-ATPase activity on the baso-
lateral membrane. Active transport is
evidenced by the following observa-
tions: absorption can occur against a
concentration gradient (32,33); ab-
sorption is blocked by metabolic in-
hibitors or anaerobiosis (29,32);
absorption of bile acids follows satura-
tion kinetics (18,32,34); individual bile
acids inhibit absorption of other bile
acids (18); absorption is dependent on
the presence of sodium ions (33,35,36);
and transport can occur when trans-
mural potential difference is zero (37).

All naturally occurring bile sales
have been shown to be actively
transported (38). There appears to be
no absolute requirement for the
presence of a hydroxyl group for a bile
salt to be transported (38). However,
while both conjugated and non-
conjugated species are transported, a
single negativircharge on the side chain
is required (38). The presence of two
negative charges results in very limited
transport, and the introduction of a
positive charge onto the substrate
results in no transport at all (38). These
structure-activity studies indicate that
the initial recognition site for bile acid
transport must involve three elements:
interaction between the sterol nucleus
of the bile acid and the carrier; a
coulombic interaction between the
negatively charged side chain and a
positively charged site on the
transporter; and interaction between
sodium ions and an anionic site on the
transporter (35,39).

Photoaffinity labelling of jejunal
and ileal brush border membrane
vesicles with photolabile bile salt
derivatives identified a 99,000 dalton
polypeptide that was unique to the
ileum, leading to the supposition that it
is this protein that is the sodium ion-
dependent bile salt transporter (40).
This 99,000 dalton protein is also
labelled in the proximal tubules of the
rat kidney (11) = an area that exhibits
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similar sodium ion-dependent bile salt
transport (28), but not in liver (41),
another site of sodium ion-dependent
bile salt uptake (42). These studies sug-
gest that a single membrane protein is
involved in both renal and ileal bile salt
cotransport, and that sodium ion-de-
pendent transport across the sinusoidal
membrane of hepatocytes is mediated
by a different membrane protein.

Several studies with brush border
membrane vesicles have demonstrated
that bile acid uptake is sodium ion
specific (32,35). However, conflicting
dara exists as to whether or not sodium
ion-dependent bile salt transport is
electroneutral (43) or electrogenic
(36,44). While Lucke et al (36) and
Wilson et al (44) observed a relation-
ship between various diffusion poten-
tials across brush border membrane
vesicles and the rate of sodium ion-de-
pendent taurocholate uptake, Rouse et
al (43) showed no effect of interchang-
ing chloride, thiocyanate, or sulphate
ions. Further studies will have to be
done to determine clearly whether
sodium ion-dependent bile salt trans-
port is electrogenic or electroneutral.

The Michaelis-Menten constant
(Kim) of bile acid transport appears to be
related to whether or not the bile acid
is conjugated, as unconjugated species
show a higher Kin than do glycine or
taurine conjugates (45). However,
maximum transport rates (Jm) are inde-
pendent of conjugation, but instead are
related to the number of hydroxyl
groups (trihydroxyl>dihydroxyl>
monochydroxyl) (45). It appears at this
point that a single species of bile
transporter in the small intestine is
responsible for the transport of all bile
acids. This is evidenced by the inhibi-
tion kinetics exhibited between dif-
ferent pairs of bile acids (46).

CONTRIBUTION OF PASSIVE

VERSUS ACTIVE TRANSPORT

The active uptake of bile salts from
the ileum has been considered quan-
titatively to be the major mechanism
for bile salt absorption from the small
intestine. This concept has arisen from
several different studies. First, the con-
centration of bile salts is maintained
throughout the jejunum, and only

begins to fall in the distal ileum (29).
Second, resection of the terminal ileum
(47,48) but not the jejunum (47) results
in extensive fecal bile salt loss. Finally,
an efficient active transport mechanism
operates in the ileum only (44).

The report by Dietschy (29) that bile
salt concentration does not fall except
in the terminal ileum does not neces-
sarily mean that bile salt absorption has
not occurred. Changes in the volume of
luminal contents by absorption of water
will affect concentration measure-
ments. If the concentration of bile salts
remains constant when water is being
absorbed, absorption of bile salts must
be occurring concomitantly. If not, the
bile concentration would increase.

Resection of the terminal ileum
often involves removal of the ileocecal
valve, allowing colonic bacteria to
migrate proximally (49). Greater
colonization of bacteria may result in
greater bile salt loss due to an increase
in deconjugation of bile salts.

With extensive passive absorption of
bile acids occurring in the jejunum, it
would be expected that a lower con-
centration of bile acids would reach the
ileum. Therefore, an efficient active
transport system occurring at low con-
centrations would be necessary in the
ileumn in order to conserve effectively any
remaining bile acids after jejunal passage.
Studies that have shown distal absorption
as outweighing proximal absorption have
used low concentrations of bile salts, for
which the active ileal pump would be
expected to dominate (24).

McClintock and Shiau (24), using
kinetic data derived from taurocholate
active transport in the rat, calculated
that active ileal absorption was not suf-
ficient to recover the percentage of bile
salts secreted. Passive absorption was
shown to account for the majority of
total bile salt conservation. Passive ab-
sorption was also shown to account for
a significant portion of bile salt uptake
in the pig (50) and the killifish (34),
supporting the view that it is the passive
jejunal uptake of bile acids that is of
most importance quantitatively in bile
salt conservation. Also, Dowling et al
(51) have demonstrated that ileec-
romized monkeys are able to reabsorh
from 38 to 58% of the bile salts entering
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the small intestine, suggesting a large
quantitative role for the jejunum in bile
salt conservation.

It therefore appears that while the
distal ileum is more efficient at absorb-
ing bile salts due to the presence of a
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