Chapter 3
Intestinal Digestion and Absorption
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Abstract Bile acids are planar amphipathic molecules that have a polar and a
nonpolar face. They are the end products of cholesterol metabolism and are called
biological detergents. In the duodenum and upper jejunum, they participate in the
digestion and absorption of lipids, including triacylglycerols, phospholipids, cho-
lesterol, and fat-soluble vitamins. The formation of mixed micelles is the best-
known property of bile acids, and the activation of pancreatic lipases is another
important role. Triacylglycerols account for 90-95% of dietary lipids and are
hydrolyzed to 2-monoacylglycerol and free fatty acids. Conjugated bile acids and
phospholipids form mixed micelles with these hydrolysates of triacylglycerols,
cholesterol, and fat-soluble vitamins. The mixed micelles effectively pass through
the unstirred water layer overlying the microvillus border of the enterocytes, and all
of the nutrients except for the conjugated bile acids are finally taken up by the cells.
Conjugation of bile acids with glycine or taurine maintains water solubility at an
acidic pH and prevents nonionic passive absorption from the proximal small
intestine, which allows bile acids to be absorbed efficiently by an active transport
system at the terminal ileum after the completion of their roles.
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3.1 Introduction

Bile acids are the end products of cholesterol metabolism and possess a number of
chemical, physiological, and pathophysiological functions. The recent discovery of
nuclear and transmembrane G protein-coupled bile acid receptors has interested
many scientists in the regulation of lipid and carbohydrate metabolism, inflamma-
tion, fibrosis, and carcinogenesis through transcriptional networks and/or signaling
cascades [1]. In contrast to the recent rapid development within these topics, the
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roles of bile acids in digestion and absorption may be the most basic and historic
subject that has been studied for more than half a century [2-5]. In this review, we
will summarize the progress in our understanding of the mechanisms of digestion
and absorption in the gastrointestinal tract with a particular emphasis on bile acids.

3.2 Bile Acids as Biological Detergents

Bile acids are planar amphipathic molecules having a polar and a nonpolar face
[6]. The polar face contains hydroxyl and carboxyl groups and is water soluble,
while the other face contains two methyl groups and is fat soluble. Thus, bile acids
are called biological detergents. In water or a low salt concentration, bile acids form
smaller micelles relative to classical detergent micelles because of the planar
polarity. However, bile acids also form mixed micelles with a variety of other
soluble and insoluble lipidic substances [7].

In human bile, bile acids are almost completely conjugated with either glycine or
taurine [8] at the carboxyl group of the side chain through an amide bond. The pKa
values of free (unconjugated) bile acids are between 5 and 6.5, while those of
glycine- and taurine-conjugated bile acids are approximately 4 and 2, respectively
[7]. It indicates that amino acid conjugation promotes ionization and increases the
aqueous solubility of bile acids at an acidic pH [9]. Because the postprandial pH of
the duodenum is between 3 and 5 [10], the conjugation allows bile acids to maintain
water solubility to facilitate digestion in the duodenum and upper jejunum. In
addition, the conjugation prevents nonionic passive absorption of bile acids
[11]. Patients with genetic defects in bile acid conjugation experience fat-soluble
vitamin deficiency because of an inability to form mixed micelles due to rapid
nonionic passive absorption of unconjugated bile acids from the proximal small
intestine [12]. Thus, conjugation with glycine or taurine allows bile acids to be
actively absorbed in the terminal ileum after the completion of their roles.

3.3 Digestion and Absorption of Lipids

Typical adult Japanese and American diets contain approximately 54 and 85 g of fat
per day, providing approximately 26% and 35% of the calorie intake of each
individual, respectively [13, 14]. Approximately 90-95% of the dietary lipids are
triacylglycerols (triglycerides) that consist of three fatty acids esterified to a glyc-
erol. Dietary lipids also include phospholipids (predominantly phosphatidylcho-
line), sterols (cholesterol and plant sterols), and other lipids (e.g., fat-soluble
vitamins). Phospholipids (essentially phosphatidylcholine) and cholesterol are
also provided endogenously via the bile. Daily 7-22 g of phospholipids and
approximately 1 g of cholesterol are loaded on the duodenum by biliary secretion,
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while 4-8 g of phospholipids and 200400 mg of cholesterol per day are of dietary
origin [5, 13, 15].

Digestion and absorption of lipids are complex processes with sequential and
interdependent steps [3]. Emulsification, hydrolysis (lipolysis), and solubilization
(micellization) are intraluminal key steps before the translocation of lipids across
the apical membranes of enterocytes (absorption) [16, 17].

Emulsification mainly takes place in the stomach. A coarse emulsion (chyme) is
produced by antral peristalsis against a closed pylorus, and the squirting of the
antral contents through a partially opened pyloric canal into the duodenum pro-
duces a fine emulsion [5]. In the duodenum, the fine emulsion particles are
generally less than 500 nm in diameter and are extremely stable.

Hydrolysis is carried out enzymatically by preduodenal and pancreatic lipases
(Fig. 3.1). Preduodenal lipases are secreted from the tongue, pharynx, and stomach
depending on the species; humans possess predominantly gastric lipase
[18]. Human gastric lipase hydrolyzes triacylglycerols, but does not hydrolyze
phospholipids or cholesterol ester. It has a pH optimum of 3-6, and conjugated
bile acids inhibit the reaction [19, 20]. Pancreatic triacylglycerol lipase (EC 3.1.1.3)
is secreted into the duodenum with colipase (as a procolipase) and conjugated bile
acids. Most of the dietary triacylglycerols are hydrolyzed by pancreatic
triacylglycerol lipase rather than gastric lipase [18]. This enzyme works at the
interface between oil and water and an optimum pH optimum of 8-9. The presence
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Fig. 3.1 Enzymatic hydrolysis and micellar solubilization of dietary lipids. BA conjugated bile
acid, C cholesterol, CE cholesterol ester, DG diacylglycerol, FFA free fatty acid, LPC
lysophosphatidylcholine, MG monoacylglycerol, PC phosphatidylcholine, TG triacylglycerol,
V fat-soluble vitamin, VE fat-soluble vitamin ester
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of conjugated bile acids inhibits the lipase activity, but colipase overcomes the
inhibition with a shift in the pH optimum to 67 [21] (see Sect. 3.3.1.1). In general,
pancreatic lipases include phospholipase A, (EC 3.1.1.4) and carboxyl ester lipase
(EC 3.1.1.13) [16]. The latter is also called pancreatic nonspecific lipase or choles-
terol esterase [5]. Phospholipase A, preferentially hydrolyzes phospholipids,
whereas carboxyl ester lipase has a wide substrate specificity hydrolyzing choles-
terol esters; tri-, di-, and monoacylglycerols; phospholipids; lysophospholipids;
ceramide; and fat-soluble vitamins [22].

Solubilization of lipids and lipolytic products due to the formation of mixed
micelles is a critical step for the absorption. Conjugated bile acids play a key role
in this process, but polar lipids, including fatty acids and monoglycerides, are also
important to increase the solubility of nonpolar lipids such as cholesterol. In
contrast to emulsion, mixed micelle solution is optically clear. The diameter of
the mixed micelles is 4-5 nm, which means that they have an approximately
100-fold reduced size and 10,000-fold increased surface area relative to the fine
emulsion particle. It is also estimated that one fine emulsion particle can form
approximately 1 x 10° micelles [23]. The unstirred water layer overlying the
microvillus border of the epithelial cells is an intestinal diffusion barrier
(Fig. 3.2). The mixed micelles effectively pass into the intermicrovillous spaces
and are able to reach to the epithelial cells [24]. However, it seems to be an

Bulk solution in lumen Unstirred water layer Microvilli
Ll LI 1T L}

Mixed micelle
MG MG
v FFA. FFA

BA ¢ pos

N
o — Rl oo
v
Emulsified BAc I
Qil ,+' Phospholipase Az
Droplet v

c Vit E, Vit D, Vit K

VitA

NPC1L1

VItE

BA
BC&’;: ’ ABCGS5/G8
c '

BA

Fig. 3.2 Micellar solubilization and absorption of lipids in the upper small intestine. ABCG5/
ABCGS8 ATP-binding cassette G5 and G8, BA conjugated bile acid, C cholesterol, CD36 cluster
determinant 36, FFA free fatty acid, LPC lysophosphatidylcholine, MG monoacylglycerol,
NPCILI Niemann-Pick Cl-like 1, PC phosphatidylcholine, SR-BI scavenger receptor class B
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oversimplification to divide the intestinal phase of lipids into an emulsion and
mixed micelles. Under an adequate concentration of bile acids, the lipids are
incorporated into mixed micelles. When the bile acid concentration is relatively
low but still exceeds the critical micellar concentration, large mixed disclike
micelles are formed at approximately 40 nm in diameter. Furthermore, when the
relative bile acid concentration is much lower, this results in the formation of
vesicles (liposomes) with a diameter of approximately 80-120 nm [5]. Because
patients with low upper intestinal bile acid concentration show reasonably good
absorption of lipids [25, 26], vesicles may play an important role in the uptake of
free fatty acids and monoglycerides by enterocytes [5]. However, the relative roles
of the mixed micelles and the vesicles have not been clarified [16].

3.3.1 Triacylglycerols

Most of the triacylglycerols found in food have long-chain fatty acids with 16—18
carbon atoms. However, a small but variable proportion of triacylglycerols contain
fatty acids with only 6-10 carbon atoms and are called medium-chain
triacylglycerols [27]. Because medium-chain triacylglycerols are less hydrophobic
than long-chain triacylglycerols, the processes of digestion and absorption of these
two types of triacylglycerols are somewhat different.

3.3.1.1 Long-Chain Triacylglycerols

The digestion of dietary triacylglycerols begins in the stomach. In addition to
emulsification, gastric lipase hydrolyzes a significant portion of dietary
triacylglycerols. This enzyme hydrolyzes medium-chain triacylglycerols better
than long-chain triacylglycerols [28] and preferentially acts on the sn-3 position
of the triacylglycerols [29] to release diacylglycerols and free fatty acids [19, 20,
30]. The relative contributions of gastric lipase and pancreatic triacylglycerol lipase
to the hydrolysis of dietary triacylglycerols were reported to be approximately 1:3,
and approximately 40% of the hydrolysis by gastric lipase occurred in the
duodenum [31].

In the duodenum and proximal jejunum, the rest of triacylglycerols and
diacylglycerols are hydrolyzed by pancreatic triacylglycerol lipase. This enzyme
works at the oil-water interface of the emulsion. Conjugated bile acids adsorb onto
fat droplets and remove proteins, emulsifiers, and lipolysis products from the lipid
surface [32]. However, only triacylglycerol lipase is not removed from the oil-water
interface and instigates lipolysis because colipase binds a bile-acid-covered
oil-water interface and provides a high-affinity anchor site for triacylglycerol lipase
[5, 21, 32]. Pancreatic triacylglycerol lipase preferentially cleaves the ester bond in
the sn-1 and sn-3 positions of the triacylglycerols at equal rates [29, 33] so that
2-monoacylglycerol and free fatty acids are formed. A part of 2-monoacylglycerol



32 A. Honda et al.

is further hydrolyzed into glycerol and a free fatty acid by pancreatic triacylglycerol
lipase either directly or after isomerization to 1-monoacylglycerol [33, 34]. Carboxyl
ester lipase also hydrolyzes the acyl group at the sn-2 position to release glycerol
and free fatty acid [35]. However, 80-90% of dietary glycerides retain their fatty
acid in the sn-2 position during the entire digestion and absorption process [33].

Long-chain triacylglycerols and diacylglycerols are insoluble in aqueous solu-
tion regardless of whether bile acids are present [3]. Therefore, most of these
acylglycerols reside in emulsified oil phase. In contrast, monoacylglycerols and
free fatty acids possess polar groups that make them highly soluble in the presence
of conjugated bile acids to form mixed micelles. The mixed micelles effectively
pass through the unstirred water layer overlying the microvillus border of the
enterocytes, and monoacylglycerols and free fatty acids are finally taken up by
the cells [24].

The mechanisms by which free fatty acids and monoacylglycerols are
translocated into the enterocytes have not been elucidated completely. Cluster
determinant 36 (CD36) or fatty acid translocase (FAT) is known to be a membrane
protein that facilitates cellular uptake of long-chain fatty acids. This protein is also
highly expressed on the luminal surface of enterocytes in the proximal small
intestine [36, 37]. However, CD36-null mice exhibited normal overall absorption
of long-chain fatty acids and impaired chylomicron secretion. These findings
suggest that CD36 plays critical roles for the absorption of long-chain fatty acids
and the formation of chylomicron in the proximal small intestine, but CD36-
independent absorption mechanisms predominate in the distal segments [37]. In
comparison to free fatty acids, studies on intestinal uptake of monoacylglycerols are
limited. An in vitro study using human intestinal Caco-2 cells showed that long-
chain fatty acid and 2-monoacylglycerol were taken up in a saturable and compet-
itive manner. The results suggest that long-chain fatty acids and
2-monoacylglycerol are transported into the enterocyte, at least in part, via a
protein-mediated pathway that is shared by both lipids [38].

3.3.1.2 Medium-Chain Triacylglycerols

Higher concentrations of medium-chain length fatty acids are found in coconut oil
(14%) and palm kernel oil (7%), butter (3%), and fresh cream (2%); cow and breast
milk fat (1-3%) also contain significant amounts of the fatty acids [39]. However,
the ingestion of medium-chain fatty acids is reported to be less than 2% of the total
fatty acid intake in the United States [40].

Gastric lipase and pancreatic triacylglycerol lipase work more efficiently with
medium-chain triacylglycerols than long-chain triacylglycerols. As a consequence,
medium-chain triacylglycerols are absorbed mainly as free fatty acids and glycerol
and only rarely as mono- or diacylglycerols [41]. Because of their smaller molec-
ular size, medium-chain fatty acids and glycerol have greater solubility in water,
and micellization with bile acids is unnecessary. In contrast to long-chain fatty
acids that are resynthesized to triacylglycerol in the enterocytes and follow the
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lymphatic system as chylomicrons, medium-chain fatty acids are bound with
albumin and follow the portal venous system [41].

3.3.2 Phospholipids

Dietary phospholipids are not hydrolyzed by gastric lipase but aid the emulsifica-
tion of dietary fat. Therefore, they are forwarded to the duodenum as a component
of emulsified oil droplets. In contrast, biliary phospholipids (essentially phosphati-
dylcholine) are supplied in mixed micelles along with cholesterol and conjugated
bile acids. In the upper small intestine, dietary phospholipids are redistributed much
in favor of the micellar phase [42].

The digestion of phospholipids is carried out mainly by pancreatic phospholi-
pase A,, but carboxyl ester lipase may contribute to the hydrolysis of phosphati-
dylcholine and lysophosphatidylcholine to some extent [22]. In fact, mice deficient
in phospholipase A, show no abnormality in dietary phospholipid absorption
[43]. Phospholipase A, undergoes a substantial increase in the catalytic activity
on binding to the surface of phospholipid membranes or micelles [44] and the
presence of bile acids [45]. However, the enzyme shows a low activity on biliary
phosphatidylcholine because the high bile acid/phosphatidylcholine molar ratio in
native bile presents unfavorable conditions for hydrolysis [46]. Phospholipase A,
preferentially cleaves the ester bond in the sn-2 position of the phospholipids to
yield lysophosphatidylcholine and free fatty acid [47].

Deacylation of lysophosphatidylcholine in the gut lumen is believed to be quite
limited, and lysophosphatidylcholine and free fatty acids are taken up by
enterocytes and resynthesized to phospholipids or triacylglycerols, which follow
the lymphatic system as chylomicrons. The remaining absorbed
lysophosphatidylcholine is hydrolyzed to form glycero-3-phosphorylcholine by
phospholipase A,/lysophospholipase (phospholipase B) [48—50], which is readily
transported via the portal blood for use in the liver [51]. Although specific intestinal
transporters for phosphatidylcholine and lysophosphatidylcholine have not been
identified, lysophosphatidylcholine uptake by enterocytes is much greater than
phosphatidylcholine absorption [52, 53].

3.3.3 Cholesterol and Plant Sterols

Most dietary cholesterol is present in the free form, but 10-15% exists as choles-
terol ester [16]. Gastric lipase does not hydrolyze cholesterol ester; rather, the
hydrolysis is performed by pancreatic carboxyl ester lipase (cholesterol esterase).
In this process, bile acids strongly stimulate the lipase activity [54, 55]. Chemical
modification studies suggest that positive-charged arginine residues in carboxyl
ester lipase are important for its interaction with bile acids [56-59, 22]. In contrast,
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biliary cholesterol is exclusively free form and is secreted as mixed micelles with
phosphatidylcholine and conjugated bile acids. In the proximal small intestine,
dietary cholesterol is initially emulsified with triglycerides in oil droplets, but free
cholesterol originated from the diet is finally incorporated into mixed micelles or
vesicles with biliary cholesterol [60].

In humans, cholesterol absorption is not complete, and the percent of absorption
varies from 15% to 75% [61]. Relative to monoacylglycerols, free fatty acids, and
lysophosphatidylcholine, the aqueous solubility of cholesterol is extremely low.
Therefore, the formation of mixed micelles and vesicles is critically important for
the transport of cholesterol through the unstirred water layer overlying the micro-
villus border of enterocytes. Therefore, intestinal cholesterol absorption is mark-
edly affected by coexisting bile acids, phospholipids, free fatty acids, and plant
sterols.

It has been reported that trihydroxy bile acids more effectively promote choles-
terol absorption than dihydroxy bile acids [62—64], and the size of the cholic acid
pool significantly correlates with cholesterol absorption in patients with liver
cirrhosis [65]. On the other hand, the intestinal uptake of cholesterol was linearly
dependent on micellar cholesterol concentration and was not dependent on the bile
acid concentration [64]. However, taurochenodeoxycholic acid is a better micellar
solubilizer of cholesterol than taurocholic acid, although the latter is a better
promoter of cholesterol absorption [66—68]. In addition, when cholesterol was
completely solubilized in micelles with a nontoxic nonionic detergent, Pluronic
F68, cholesterol was not taken up by enterocytes [64]. These results suggest that not
only the solubilization capacity but also the interaction between micelle and
acceptor (transporter) serves as determinants of the absorption efficiency of
cholesterol.

There are at least four transporters that are key players in the control of
cholesterol absorption from the intestine. Niemann-Pick Cl-like 1 (NPCI1L1) is a
major cholesterol uptake transporter [69], while scavenger receptor class B type 1
(SR-BI) also plays a role in cholesterol uptake to a lesser extent [70, 71]. On the
other hand, ATP-binding cassette (ABC) proteins ABCGS5 and ABCGS are choles-
terol efflux transporters [72]. Although little is known about the direct effects of bile
acids on intestinal NPC1L1 and SR-BI activities, ABCG5-/ABCGS-specific cho-
lesterol efflux is stimulated by bile acids in cell models [73, 74]. ABCG5/ABCGS
transfers cholesterol in an ATP-dependent manner, and the hydrolysis of ATP is
stimulated by bile acids [75]. It has been suggested that bile acids may promote an
active conformation of ABCG5/ABCGS either by global stabilization of the trans-
porter or by binding to a specific site on ABCG5/ABCG8. Furthermore, CD36 may
also play a role in cholesterol uptake. Overexpression of CD36 enhanced choles-
terol uptake from micellar substrates in COS-7 cells [76]. Conversely, CD36-null
mice showed significant reduced cholesterol transport from the intestinal lumen to
the lymphatic system [77]. However, its absence was not sufficient to cause an
overall reduction in intestinal cholesterol uptake.

Although phospholipids are essential molecules for the effective solubilization
of cholesterol in the bile and intestine, excess phospholipids cause the suppression
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of cholesterol absorption. There are at least three possible mechanisms [15]. First,
excess phospholipids may interfere with efficient hydrolysis of micellar phospho-
lipids, which is a prerequisite for efficient mucosal uptake of cholesterol. Second,
surplus phospholipids may alter the physicochemical properties of mixed micelles
resulting in reduced absorption of cholesterol. Third, phospholipids may act on the
membrane characteristics of enterocytes or have a direct effect on cellular choles-
terol transporters. Free fatty acids may also affect intestinal cholesterol absorption.
Mixed micelles containing medium-chain fatty acids have a reduced solubilizing
capacity for cholesterol relative to those containing long-chain fatty acids [78].

Food of a plant origin includes plant sterols that are structurally related to
cholesterol but differ from cholesterol only in their unsaturation level and/or side-
chain configuration [76]. Typical Western diets contain approximately 300 mg of
plant sterols per day [79, 80], but the absorption percentage of plant sterols is less
than 2% in humans [81], which is considerably lower than that of cholesterol
(15-75%). Plant sterols transported into enterocytes with cholesterol via NPC1L1
are pumped back to the lumen via ABCG5/ABCG8, whereas a significant propor-
tion of the internalized cholesterol is esterified and incorporated into chylomicrons
[82, 83]. Plant sterols are known to inhibit cholesterol absorption, but the mecha-
nisms are not fully understood. Because the digestion process of plant sterols and
cholesterol is virtually the same, it has been suggested that plant sterols compete
with intestinal cholesterol for incorporation into mixed micelles [84, 85], but other
possible mechanisms have also been proposed [86].

3.3.4 Fat-Soluble Vitamins

Because vitamins A, D, E, and K are fat soluble, micelle formation is required for
intestinal absorption. Vitamins A, D, and E have hydroxyl groups that can be
esterified with fatty acid, and pancreatic carboxyl ester lipase catalyzes the hydro-
lysis under the presence of bile acids [35]. While most dietary vitamin E (tocoph-
erol and tocotrienol) is in the free form, vitamin A (retinol) is often esterified and
must be hydrolyzed to retinol and fatty acid before absorption [22, 87]. Except for
carboxyl ester lipase, pancreatic triacylglycerol lipase and intestinal phospholipase
B also contribute to the hydrolysis of retinyl esters [22]. Free retinol is then
incorporated with other lipids into the mixed micelles, passes through the unstirred
water layer, and is taken up by enterocytes [87]. Although the intestinal retinol-
specific transporter has not been clarified, stimulated by retinoic acid 6 (STRAG)
[88] and retinol-binding protein 4-receptor 2 (RBPR2) [89] are candidate proteins.

Micelle formation is also required for the absorption of vitamins E, D, and K
[12, 90]. It has been reported that intestinal cholesterol transporters, NPC1L1 and
SR-BI, play a role in the uptake of micellar vitamin E [91, 92]. However, recent
report suggests that additional intestinal transporters are also involved in the uptake
of vitamin E [93]. In addition, there are reports that both SR-BI and CD36
contribute to the intestinal absorption of vitamins D [94] and K [95].
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3.4 Protein Digestion

In addition to promoting lipid digestion and absorption, conjugated bile acids also
bind to dietary proteins in the small intestine. The binding of bile acids denatures
the protein and dramatically enhances the proteolysis by pancreatic proteases
[96]. The effect was most pronounced in the presence of dihydroxy bile acids and
was observed at concentrations below the critical micellar concentration.

3.5 Absorption of Polyvalent Metals

Polyvalent metals such as calcium (Ca2+) and iron (Fez+) are poorly soluble at the
intestinal pH. However, premicellar concentrations of taurocholic acid solubilize
calcium [97] and iron [98, 99] in the proximal small intestine and promote their
absorption. The mechanism of solubilization is explained by high-affinity binding
of these polyvalent cations to the interposition between terminal carboxyl and 7- or
12-hydroxyl groups of the steroid ring of taurocholic acid. Taurodehydrocholic
acid, lacking ring hydroxyl groups, did not bind either cation with a high affinity
and did not promote their absorption [100].

3.6 Conclusions

In the duodenum and upper jejunum, the conjugated bile acids facilitate lipolysis by
pancreatic lipases and formation of mixed micelles with phospholipids, lipolytic
products of triacylglycerols (2-monoacylglycerols and free fatty acids), cholesterol,
and fat-soluble vitamins. The mixed micelles can effectively approach the
enterocytes, and each nutrient is finally taken up by the cells primarily by
protein-mediated processes. Conjugated bile acids also promote digestion of pro-
teins and absorption of polyvalent metals, such as calcium and iron. In addition to
these direct effects on digestion and absorption, duodenal conjugated bile acids are
known to inhibit the release of cholecystokinin [101] and motilin [102], which
modulate contractions of the gallbladder and indirectly control digestion and
absorption. Conjugated bile acids maintain water solubility at an acidic pH in the
upper small intestine and are not absorbed together with the solubilized lipids,
which allows for efficient active absorption of bile acids from the terminal ileum
after the completion of their roles.
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