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Abstract

Cholecystokinin (CCK) is an important neuro-intestinal peptide hormone produced by the
enteroendocrine I-cells in the upper part of small intestine. Protein- and fat-enriched food plays an
important role in triggering CCK secretion from the intestine. Carbohydrates stimulate only small
amounts of CCK release. The CCK-1 receptor (CCK-1R) is largely localized in the gallbladder,
sphincter of Oddi, pancreas, small intestine, gastric mucosa, and pyloric sphincter, where it is
responsible for CCK to regulate multiple digestive processes including gallbladder contraction,
pancreatic secretion, small intestinal transit, and gastric emptying. Accumulated evidence clearly
demonstrates that CCK regulates gallbladder and small intestinal motility through CCK-1R
signaling cascade and the effect of CCK-1R on small intestinal transit is a physiological response
for regulating intestinal cholesterol absorption. Disruption of the Cck or the Cck-1rgene in mice
significantly increases the formation of cholesterol gallstones by disrupting gallbladder emptying
and biliary cholesterol metabolism, as well as promoting intestinal absorption of cholesterol.
Abnormalities in gallbladder motility function in response to exogenously administered CCK are
found primarily in patients with cholesterol gallstones. Patients with pigment gallstones display an
intermediate degree of gallbladder motility defect without gallbladder inflammation and enlarged
fasting gallbladder. Dysfunctional gallbladder contractility has been found under several
conditions such as pregnancy, obesity, diabetes, celiac disease, and total parenteral nutrition
although gallstones are not observed. The gallbladder-specific CCK-1R-selective agonist may lead
to an efficacious novel way for preventing gallstone formation by promoting gallbladder emptying,
particularly for pregnant women and subjects with dysfunctional gallbladder motility function
such as celiac patients, as well as patients with total parenteral nutrition.
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1. INTRODUCTION

Cholecystokinin (CCK) is an important neuro-intestinal peptide hormone that is produced by
the enteroendocrine I-cells mainly in the upper part of small intestine. CCK plays multiple
regulatory roles in many target organs and tissues [1]. Plasma CCK levels are significantly
elevated after consumption of a meal containing a large amount of fat and protein [2, 3]. It is
well established that the CCK-1 and the CCK-2 receptors (CCK-1R and CCK-2R) play a
biological role predominantly in gallbladder smooth muscle and pancreatic acini, as well as
at multiple levels, in the gastrointestinal tract, the enteric nervous system, and brain. A high
level of plasma CCK has been found in some patients with chronic pancreatitis. It is highly
likely that it is induced by reduced secretion of pancreatic enzymes and interrupted negative
feedback regulation of CCK secretion. In contrast, a low level of plasma CCK has been
found in patients with celiac disease, mostly due to reduced intestinal mucosal surface area
and bulimia nervosa. Many clinical and animal studies have reported that impaired CCK
release is a high risk for many digestive diseases such as gallstone formation and for
metabolic disorders such as obesity [4—7]. Furthermore, a defective gallbladder motility
plays a critical role in the pathogenesis of cholesterol gallstone disease [8], and abnormal
gallbladder contractility has been found in patients with cholesterol gallstones [9].
Dysfunctional gallbladder motility is also observed under several conditions such as
pregnancy, obesity, diabetes, total parenteral nutrition, and celiac disease although these
subjects are free of gallstones [10-16], suggesting that it is a high risk factor for gallstone
formation [17]. All these studies clearly demonstrate that CCK and its receptor CCK-1R
play an important role in the pathophysiology of cholesterol gallstone disease. In this review
article, we summarize the molecular biology and physiology of CCK and its receptors, and
discuss recent progress in its physiological role in the digestive system, with emphasis on
the pathogenesis of cholesterol gallstone formation at a molecular and cellular level.

2. MOLECULAR BIOLOGY OF CCK AND ITS RECEPTORS

In 1928, CCK was first reported to be a gallbladder contracting hormone in extracts of the
small intestine [18]. CCK consists of different numbers of amino acids, which depends on
post-translational reformation of the CCK gene product, /.e., preproCCK. Therefore, CCK is
basically a family of hormones that are composed of varying numbers of amino acids,
including CCK-58, CCK-33, CCK-22, and CCK-8. Fig. (1) shows the molecular structure of
sulfated cholecystokinin octapeptide (CCK-8). Moreover, CCK-58 is a helix-turn-helix
configuration [19]. The structure of CCK is very similar to that of gastrin, one of the
gastrointestinal hormones. Although CCK and gastrin share the same five amino acids at
their C-termini, most CCK peptides contain a sulfate-group connected to the tyrosine in the
C-terminus. Such a structure plays an important role for CCK to stimulate CCK-1R.
Although non-sulfated CCK peptides also exist, they consequently cannot stimulate
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CCK-1R. The human CCK gene is mapped to chromosome 3 (p22.1). The mouse and rat
CCK genes are localized to chromosomes 9 (72.43 cM) and 8 (g32), respectively.

The transcription unit of the CCK gene is 7 kb interrupted by two introns. The CCK gene
contains three exons, with the first one being small and noncoding. Of special note, there is
the homology between the CCK gene and the gastrin gene in the coding region and in the 5’-
untranslated region. Because there is only one CCK mRNA molecule, the CCK peptides
must be fragments of the same mRNA product. The CCK mRNA has 750 bases, of which
345 are protein coding. The translational product, 7.e., preproCCK, is composed of 115
amino acid residues. The bioactive parts of CCK are mainly originated from the subsequent
58 amino acid residues (/.e., CCK-58), and there is a very small species variation in this
sequence. The affinity of CCK CCK for its receptors is determined by Tyr-77 that is O-
sulfated. Of note, the cell-specific product with different numbers of amino acids is essential
for the biological functions of CCK in diverse tissues of the body. For example, endocrine
cells release a mixture of medium-sized CCKs and neurons principally synthesize CCK-8.
The specific bioactive CCKs consist of varying numbers of amino acids, including CCK-83,
CCK-58, CCK-39, CCK-33, CCK-22 and CCK-8 [19].

Wank and colleagues first cloned the CCK-1R gene from the rat pancreas [20].
Subsequently, Kopin and co-workers cloned a gastrin receptor, /.e., CCK-2R, from a canine
parietal cell expression library [21]. The genomic structures of CCK-1Rand CCK-2Rin
mice, rats, and humans have been reported and the physiological and clinical functions of
CCK, CCK-1R, and CCK-1R have been studied extensively.

The CCK-1R gene is composed of five exons that are interrupted by four introns. The human
CCK-1R gene is estimated to be 11.0 kb in length. The mouse Cck-1rgene and the rat
CCK-1R gene are estimated to be approximately 9.0 kb and about 9.5 kb in length,
respectively. The human CCK-1R gene is mapped to chromosome 4 (p15.2). The mouse
Cck-1rgene and the rat CCK-1R gene are localized to chromosomes 5 (29.52 cM) and 14
(g11), respectively.

The CCK-2R gene encodes a G protein-coupled receptor for gastrin and CCK, regulatory
peptides of the brain and gastrointestinal tract. This protein is a type B gastrin receptor,
which has a high affinity for both sulfated and non-sulfated CCK analogs and is found
principally in the central nervous system and the gastrointestinal tract. Similar to CCK-1R,
CCK-2R displays seven hydrophobic segments that contain transmembrane helices and form
a helical bundle domain, which is typical of Family A in sharing the signature sequences of
such kind of the receptor family within these structural regions. The human CCK-2R gene is
mapped to chromosome 11 (p15.4). The mouse and rat CCK-2R genes are localized to
chromosomes 7 (55.86 cM) and 1 (g33), respectively.

3. PHYSIOLOGY OF CCK AND ITS RECEPTORS

As shown in (Fig. 2), plasma CCK comes predominantly from the intestinal endocrine I-
cells. Protein- and fat-enriched food is the most important trigger for its secretion. Among
the nutritional components, protein and L-amino acids, as well as digested fat significantly
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stimulate CCK secretion from the intestine (Table 1). Carbohydrates stimulate only small
amounts of CCK release. CCK triggers bile release from the gallbladder and the secretion of
digestive enzymes from the pancreas [1, 22-27].

In the human, CCK-22 and CCK-33 are present predominantly in the circulation, but CCK-8
and CCK-58 are also found in plasma [19]. Because the cholecystokinetic and pancreozymic
potencies of CCK-33 and CCK-8 are basically similar, it may not be important what are
secreted by the enteroendocrine I-cells during meals. Of special note, clearance rate of
CCK-58, CCK-33 and CCK-22 from the circulation is markedly slower compared to that of
CCK-8 [28].

It is well established that CCK exerts its biological and physiological actions through
CCK-1R and CCK-2R, as summarized in Table 2. Accumulated evidence from animal
experiments and human studies supports a role for CCK through the CCK-1R pathway in
regulating many physiological processes such as gallbladder emptying, relaxation of the
sphincter of Oddi, as well as increasing bile flow, accelerating small intestinal transit,
stimulating pancreatic secretion, inhibiting gastric emptying and acid secretion, regulating
satiety, relaxing lower esophageal sphincter tone, and slowing of colonic motility [1]. These
are regulated by CCK-1R on gallbladder muscularis, pancreatic neurons (in humans, and
also directly on pancreatic acinar cells in rodents), pyloric smooth muscle, enteric neurons,
and central nervous system nuclei [1]. CCK-2R is distributed in the gastric oxyntic mucosa
and is also present in the brain, with a high concentration expressing in the striatum, cerebral
cortex, and limbic system [29]. Besides stimulating gastric acid secretion, CCK-2R plays a
role in anxiety and nociception. Thereafter, we will focus mainly on the role of CCK in the
regulation of gallbladder and small intestinal motility through the CCK-1R signaling
pathway.

4. EFFECTS OF CCK AND CCK-1R ON DIGESTIVE SYSTEM

CCK-1R is mainly localized in the gallbladder, sphincter of Oddi, pancreas, small intestine,
gastric mucosa, and pyloric sphincter, where it is responsible for regulating multiple
digestive processes, including gallbladder emptying, pancreatic secretion, small intestinal
motility, and gastric emptying (Fig. 2). Intestinal CCK secretion is triggered by fat- or
protein-enriched chyme entering the duodenum [30]. In the basal state, the concentration of
CCK in the circulation is much lower (less than 1 pmol/L) than that of other pancreatic and
gastrointestinal hormones [31]. As shown in Fig. (3), the concentration of CCK in plasma
increases to 3-5 pmol/L within 20 minutes during maximal stimulation, and then reduces
gradually to basal levels [31]. Of note, the circulating CCK concentrations are sufficient to
stimulate the gallbladder emptying and pancreatic enzyme secretion during meals [32].

The gallbladder is a pear-shaped organ located on the inferior surface of the liver at the
junction of the right and left hepatic lobes, which typically hangs from the anterior inferior
margin of the liver [33]. The volume of a moderately distended gallbladder is approximately
between 30 and 50 mL. Furthermore, the gallbladder’s volume varies considerably, being
large because of the storage of concentrated bile during fasting states and becoming small
due to its postprandial emptying [34]. The gallbladder can be divided into four parts: the
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neck, body, infundibulum, and fundus. After being stored in the gallbladder between meals,
gallbladder bile becomes more concentrated compared to hepatic bile, intensifying its action,
by emulsification, on fat digestion and absorption. Notably, among solute components of
bile, bile acids play a critical role in the digestion and absorption of lipids [35]. They are
synthesized by the liver from cholesterol and are typically conjugated with glycine and
taurine in a ratio of 3:1 [36-38]. Bile acids are secreted into hepatic bile by the liver. When
bile is concentrated in the gallbladder, their concentrations are increased by 5 fold compared
to those in hepatic bile [33]. When protein- and fat-rich food enters the small intestine and
stimulates CCK secretion, CCK causes gallbladder contraction by acting on gallbladder
smooth muscles with a potency correlated to the low plasma concentrations of sulfated CCK
(Fig. 4). As aresult, bile is released into the duodenum v/ia CCK-mediated rhythmic
contraction and relaxation of muscles in the common bile duct and the sphincter of Oddi.
Thus, the gallbladder empties bile into the duodenum where bile emulsifies dietary fat and
aids the digestion and absorption of cholesterol, fatty acids, and fat-soluble vitamins [39].

CCK stimulates hepatic secretion mainly as bicarbonate from hepatic ductular cells. CCK
promotes the secretion of pancreatic enzymes including pancreatic amylase,
chymotrypsinogen, and trypsinogen, as well as several small intestinal enzymes such as
alkaline phosphatase, disaccharidase and enterokinase [40]. Although there are species
differences in the mechanism underlying the effect of CCK on pancreatic exocrine secretion,
CCK stimulates pancreatic enzyme secretion through a cholinergic pathway in humans,
which is considerably less significant in rodents [41-43].

CCK is involved in regulating the gastrointestinal tract motility. CCK markedly inhibits
gastric emptying and food intake, as well as delays delivery of food to the duodenum
possibly through stimulation of vagal afferent neurons that mainly express CCK-1R.
Furthermore, gastric emptying is inhibited mostly through activation of vagovagal reflexes,
thus inducing relaxation of the gastric corpus and increasing resistance to flow of chyme
across the pyloric sphincter of stomach.

In addition, CCK accelerates small intestinal transit through the CCK-1R signaling cascade
because there is a sluggish small intestinal motility in mice with disruption of either the Cck
or the Cck-1rgene [44, 45]. Furthermore, the potent CCK-1R-selective antagonist
devazepide not only impairs gallbladder emptying function, but also decelerates small
intestinal transit in mice [46]. These abnormalities lead to gallbladder stasis, increased
intestinal cholesterol absorption, and augmented hepatic secretion of biliary cholesterol, as
well as rapid cholesterol crystallization, and accelerated the growth of solid cholesterol
crystals and the formation of microlithiasis in mice treated with devazepide.

5. MOLECULAR MECHANISMS UNDERLYING THE CRITICAL ROLE OF
CCK AND CCK-1R IN THE PATHOGENESIS OF GALLSTONE FORMATION

Abnormalities in gallbladder contractility in response to exogenously administered CCK are
found primarily in patients with cholesterol gallstones [9, 47, 48]. Patients with pigment
gallstones display an intermediate degree of gallbladder motility defect without enlarged
fasting gallbladder and gallbladder inflammation [49]. Moreover, impaired gallbladder
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contractile function exists in some gallstone-free subjects under several conditions such as
pregnancy, obesity, diabetes, celiac disease, and total parenteral nutrition [17, 50-56].
Increased fasting volume and slow emptying of the gallbladder, as measured by
ultrasonography, are often found in women receiving oral contraceptives, pregnant women,
and postmenopausal women with estrogen replacement therapy, all of which predispose to
gallstone formation [57]. Furthermore, impaired gallbladder emptying in patients with
cholesterol gallstones is not the result of the physical presence of gallstones per se, since the
defect does not correlate with the size or number of stones, and lithotripsy-induced gallstone
ablation does not restore impaired gallbladder motility [17, 58, 59]. In patients with
cholesterol gallstones, gallbladder contraction in response to exogenous CCK is dampened
compared with healthy subjects [60], implying that gallbladder CCK-1R function is
impaired possibly due to reduced CCK-1R number and/or CCK binding capacity to
CCK-1R’s in some gallstone patients [61-64].

The absence of endogenous CCK in mice impairs gallbladder emptying function and
enlarges both fasting and postprandial gallbladder sizes (Fig. 5), and consequently these
alterations promote gallstone formation by accelerating cholesterol crystallization and
crystal growth. CCK knockout mouse model provides an opportunity to investigate the role
of gallbladder hypomotility in cholesterol crystallization and crystal growth and to study the
gallbladder stasis mechanism [44, 65]. Thus, whether impaired gallbladder emptying plays a
critical role in the evolutionary sequences of cholesterol crystallization and gallstone
formation has been investigated in CCK knockout mice. This is not easily achieved in
patients although investigators have attempted to study the physical-chemical phase
separation sequences in bile before and during gallstone formation in obese patients who
ingest a very low calorie diet or are undergoing weight reduction after gastric bypass surgery
[66-68].

Under lithogenic conditions, the evolutionary sequences of gallstone formation (Fig. 6) are
characterized by the initial accumulation of mucin gel in the gallbladder, followed by the
appearances of liquid crystals and/or anhydrous cholesterol crystals and classic plate-like
cholesterol monohydrate crystals, and then agglomerated solid cholesterol crystals, sandy
stones, and gallstones in CCK knockout mice fed the lithogenic diet for 8 weeks [44, 65].
These sequences are in agreement with findings in other animal models of cholesterol
gallstones, such as gallstone-susceptible C57L mice [69] and prairie dogs [70, 71]. In
addition to the well-known liquid crystal to classic plate-like cholesterol monohydrate
crystal pathway [72-74], the anhydrous cholesterol crystal to solid cholesterol monohydrate
crystal pathway [69, 75, 76] plays a crucial role in the early stage of cholesterol gallstone
disease in CCK knockout mice with gallbladder stasis. Therefore, there are two cholesterol
crystallization pathways in these mice fed the lithogenic diet, which are identical to those
found in model bile with the same lipid composition and in human bile [69, 75-77]. Of note,
the sequences of cholesterol crystallization and gallstone formation are more rapid in CCK
knockout mice than in other mouse models of gallstones fed the same lithogenic diet [69],
which underscores the importance of gallbladder stasis.

CCK knockout mice display a significant retardation of small intestinal transit, leading to
augmented intestinal cholesterol absorption [44, 65]. This change partly elucidates why
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CCK knockout mice display earlier elevation of CSI values and more rapid cholesterol-
supersaturated gallbladder bile compared to wild-type mice. Because of the absence of
CCK-induced emptying, the resulting gallbladder stasis provides a microenvironment for the
longer stay of excess cholesterol in the lumen. As a result, the increase in bile cholesterol,
coupled with longer contact time of saturated mixed micelles with cholesterol transporters
on the apical membrane of gallbladder epithelial cells, greatly facilitates gallbladder
cholesterol absorption [78, 79]. Elevated cholesterol content in the gallbladder wall further
impairs gallbladder emptying and promotes mucin hypersecretion and accumulation in the
lumen. The gel-forming mucins secreted by specialized gallbladder mucin-producing cells,
lead to the formation of a gel phase in higher concentrations because they form disulfide-
stabilized oligo- or polymers with viscoelastic properties. In addition, hydrophobic domains
in the mucin molecule (on the non-glycosylated regions of the polypeptide core) allow
binding of mucin to lipids such as cholesterol, phospholipids, and bilirubin. The resulting
water-insoluble complex of mucous glycoproteins and calcium bilirubinate provides a
surface for rapid nucleation and crystallization of solid cholesterol crystals and a framework
of matrix for the growth of crystals and stones [80, 81]. During the early stage of gallstone
formation, very tiny cholesterol monohydrate crystals are often found within the mucin gel.
A lot of evidence has indicated that gallbladder mucins are a strong pro-nucleating/
crystallizing agent leading to rapid cholesterol crystallization in native and model bile and
play a crucial role in the pathogenesis of gallstone formation [82, 83]. Gallbladder mucin
hypersecretion is also a prerequisite for the formation of gallstones [69, 70, 84]. Mucins
have been identified within gallstones where they could act as a matrix for accelerating the
growth of crystals and stones [85, 86].

Although over the past years, the growth habits of solid cholesterol crystals have been
extensively investigated mostly in model bile systems [87, 88], whether these
pathophysiologically relevant phenomena take place in native gallbladder bile of humans or
mice is still unknown. In mouse lithogenic bile, three modes of cholesterol crystal growth
habits have been found in the early stage of cholesterol gallstone disease, all of which
increase the size of solid cholesterol crystals. These findings are consistent with the results
observed in model bile systems [87]. When the CSI values in bile are higher, there are two
major crystal growth habits: the spiral dislocation growth and the twin crystal growth
patterns [87]. When bile CSI values are lower, proportional enlargement patterns are found
to be the third mode of crystal growth habits. Obviously, impaired gallbladder contractility is
associated with larger sizes of solid cholesterol crystals probably because of more rapid
crystal growth by way of these three crystal growth patterns in CCK knockout mice.

Clinical studies found that repeated gallbladder emptying induced by supra-physiological
doses of CCK-8 restores gallbladder contractility, thereby preventing gallstones in subjects
undergoing total parenteral nutrition [89]. Thus, the gallbladder-specific CCK-1R-selective
agonist may provide an efficacious novel approach for the prevention of cholesterol
gallstones by promoting gallbladder emptying, particularly for pregnant women and subjects
with dysfunctional gallbladder contraction such as celiac patients, as well as patients
undergoing total parenteral nutrition.
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Expression of the Cck-1rgene has been found on the smooth muscle of the gallbladder and
stomach, as well as of the small intestine [90]. CCK-1R knockout mice display a
significantly slower small intestinal transit times compared with wild-type mice, regardless
of whether chow or the lithogenic diet is fed (Fig. 7). Small intestinal transit time in mice is
not influenced by feeding high levels of dietary cholesterol or cholic acid [91]. However, this
alteration can be induced by fatty acids during the digestion of dairy fat contained in the
lithogenic diet, implying that the large intake of fat could trigger maximal endogenous CCK
release exaggerating differences between CCK-1R knockout and wild-type mice. This shows
that a physiologically relevant mechanism regulated by CCK-1R mediates small intestinal
motility. In addition, slow small intestinal transit time promotes cholesterol absorption from
the small intestine most likely due to longer contact time of the cholesterol molecule in the
small intestinal lumen. This would increase cholesterol’s incorporation into mixed micelles
and also promote partitioning of cholesterol monomers out of micelles for uptake by
intestinal cholesterol transporters on the apical membrane of enterocytes [39, 92, 93]. This
indicates that the transit time of cholesterol molecules through the small intestine is an
important factor for regulating cholesterol absorption [94]. As examined by a highly precise
cholesterol balance method [95-97], intestinal cholesterol absorption efficiency is
significantly higher in CCK-1R knockout mice than in wild-type mice, regardless of whether
chow or the lithogenic diet is fed. Moreover, the cholesterol absorbed from the small
intestine reaches the liver through the chylomicron remnant pathway which, in turn,
enhances biliary cholesterol secretion and promotes biliary cholesterol supersaturation [98].
It has been found that the efficiency of intestinal cholesterol absorption correlates positively
with the prevalence of cholesterol gallstones in inbred strains of mice [98]. These indicate
that high intestinal cholesterol absorption efficiency is an independent risk factor for the
formation of cholesterol gallstones in mice. Although there is a slow small and large
intestinal transit rate in patients with cholesterol gallstones [99], this probably differs from
the findings in CCK-1R knockout mice since these human studies found that both prolonged
large intestinal transit time and increased numbers of anaerobes with elevated 7a.-
dehydroxylation activity greatly promotes the synthesis and absorption of deoxycholic acid
in the large intestine [100-103]. However, in none of these investigations is the possibility of
increased intestinal cholesterol absorption addressed or even alluded to. Increased levels of
deoxycholate conjugates in bile could be prolithogenic in gallstone patients [104-106],
enhancing biliary cholesterol hypersecretion and promoting cholesterol crystallization in
gallbladder bile. However, there is no difference in biliary bile salt composition between
CCK-1R knockout and wild-type mice. Moreover, biliary deoxycholate pools are increased
by 27% in male C57L mice fed 0.5% deoxycholic acid compared to chow (3.4%), but small
intestinal transit time remains similar [107].

Because impaired smooth muscle contractility is found in cell isolates from human
gallbladders and from animal models with cholesterol gallstones, Behar and co-workers [62,
108, 109] have suggested that the gallbladder contractile mechanisms involve CCK-1R
mediated activation of phospholipase C, resulting in signal-transduction decoupling when
the sarcolemmae of the gallbladder smooth muscle are enriched with cholesterol. This may
be caused by a cholesterol-dependent reduction in the number of CCK-1R or its defects in
the gallbladder smooth muscle [110], which impairs contractility mostbly from involvement
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of excess cholesterol within the caveolin rafts of sarcolemmal membranes. The critical
CCK-1R signal-transduction pathway that mediates contraction of gallbladder smooth
muscle becomes further dysfunctional by the absorbed cholesterol from bile in CCK-1R
knockout mice and each, in turn, increases cholelithogenesis [62, 108, 109, 111]. Similar to
the findings in humans, the deletion of CCK-1R in mice disrupts the physiological control of
gallbladder contraction and small intestinal transit, thereby inducing muscle dysfunction in
the gallbladder and small intestine. This scenario is propagated since bile is cholesterol-
supersaturated from cholesterol absorption from the small intestine and gallbladder function
is further compromised by the absorbed cholesterol from its lumen. Obviously, deletion of
the Cck-1rgene augments intestinal cholesterol absorption by impairing small intestinal
transit, which, in turn, promotes biliary cholesterol hypersecretion. Dysfunctional CCK-1R
also enlarges gallbladder size and enhances cholesterol absorption from bile, which further
impairs gallbladder contractility, thus resulting in remarkable gallbladder stasis [45].
Furthermore, gallstone prevalence is greatly increased in C57BL/6 mice treated with the
potent CCK-1R antagonist devazepide by impairing gallbladder emptying, disrupting
cholesterol metabolism in bile, and increasing intestinal cholesterol absorption [46]. These
defects in gallbladder and small intestinal motility due to dysfunctional CCK or CCK-1R
greatly contribute to the formation of cholesterol gallstones by promoting intestinal
cholesterol absorption and biliary cholesterol hypersecretion, followed by rapid cholesterol
crystallization and crystal growth, as well as agglomeration of solid cholesterol crystals in
“large lax and lazy” gallbladder [17]. These results, taken together, clearly demonstrate that
prolonged small intestinal transit time, augmented cholesterol absorption, and impaired
gallbladder matility function are interdependent but conflating risk factors for the formation
of cholesterol gallstones in mice deficient in CCK or CCK-1R [112].

Celiac disease is a chronic, small intestinal, immune-mediated enteropathy caused by a
permanent intolerance to dietary gluten in genetically predisposed individuals. The major
site of damage is localized on the proximal part of small intestine, which typically displays
villus atrophy of the mucosa [113]. Clinical studies have found 40 years ago that gallbladder
emptying in response to a fatty meal is dramatically decreased because of a defect in CCK
secretion by the small intestine caused by enteropathy in celiac patients before they start the
gluten-free diet [10]. Thus, celiac disease is an important risk factor for gallstone formation
because defective intestinal CCK secretion markedly enhances susceptibility to cholesterol
gallstones viaa mechanism that is involved in hypomotility of both the gallbladder and the
small intestine.

Compelling evidence has clearly demonstrated that postprandial gallbladder emptying in
response to a fatty meal is impaired in untreated celiac patients because of a marked defect
in CCK secretion from the atrophic small intestinal mucosa as found by low CCK
concentrations in plasma and duodenal extracts [10-13, 114, 115]. Another possible
explanation is that gallbladder responsiveness to CCK may also be impaired [14]. Further
clinical studies found that in the fasting state, untreated celiac patients display dramatically
lower CCK levels in the circulating compared to healthy control subjects [10]. These
findings show that a fatty meal cannot effectively stimulate CCK secretion by the I-cells in
celiac patients. This abnormality is highly attributed to severe villus atrophy, enterocyte
disarray, crypt hyperplasia, epithelial cell layer, and intense inflammation of the lamina
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propria as found in celiac patients [116]. Obviously, celiac patients display gallbladder stasis
before starting the gluten-free diet [16], and this may put them at a high risk of developing
biliary sludge and gallstones.

Based on mouse studies, a possible relationship between abnormality of the CCKand/or
CCK-1R genes and gallstone disease has suggested in humans. Miller and colleagues
reported abnormal processing of the CCK-1R gene in patients with gallstones and obesity
[117]. However, Nardone and co-workers failed to identify any mutations or sequence
variants in patients with the same phenotype undergoing cholecystectomy [118].
Nevertheless, a further study is strongly needed to investigate whether there is mutation in
the CCK and/or CCK-1R genes in gallstone patients and whether the CCK and/or CCK-1R
gene variants are associated with increased gallstone prevalence in patients. It is also
imperative to determine whether some of the single nucleotide polymorphisms (SNPs) in the
CCKand/or CCK-1R genes are responsible for enhanced susceptibility to biliary sludge and
gallstones in pregnant women and in subjects on total parenteral nutrition.

CONCLUSION

FUNDING

Cholesterol gallstone disease is induced by hepatic cholesterol supersaturation, rapid
cholesterol nucleation and crystallization through several intermediate steps, and gallbladder
stasis [112]. Recent progress in exploring the molecular, genetic, and physical-chemical
basis of hepatic cholesterol hypersecretion and cholesterol crystallization has provided many
new insights into the complex pathophysiological mechanisms underlying the pathogenesis
of cholesterol gallstone disease in humans [119]. The CCK knockout and the CCK-1R
knockout mouse models highlight two important issues: (i) gallbladder and small intestinal
motility are, in part, regulated by CCK through the CCK-1R signaling cascade; and (ii) the
role of CCK-1R in small intestinal motility is a physiological response that could be a
significant factor in regulating intestinal cholesterol absorption. As impaired gallbladder
emptying function is a high risk for developing gallbladder stasis, biliary sludge (a precursor
of gallstones), and microlithiasis, as well as sluggish small intestinal transit increases
cholesterol absorption for promoting hepatic cholesterol hypersecretion, two defects in the
gallbladder and the intestine should be prevented by oral administration of the potent
CCK-1R agonists. Thus, susceptibility to gallstone formation may be markedly reduced.
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Molecular Weight: 1142.2

Fig. (1). Molecular structure of sulfated cholecystokinin octapeptide (CCK-8).
(A) The standard chemical formula (left panel), (B) the perspective formula (right top

panel), (C) and the space-filling model (right bottom panel) are shown.
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Fig. (2). Effect of diet on the release of cholecystokinin (CCK) for theregulation of hepatobiliary
and pancreatic functions and gastrointestinal tract motility.

Among the nutritional components, protein- and fat-enriched food is the most important
trigger stimulating CCK secretion from the intestinal endocrine I-cells. Carbohydrates
stimulate only small amounts of CCK release. CCK causes gallbladder contraction by acting
on gallbladder smooth muscles. CCK mainly stimulates hepatic secretion of bicarbonate
from hepatic ductular cells. CCK promotes the secretion of pancreatic enzymes such as
pancreatic amylase, chymotrypsinogen, and trypsinogen, as well as several small intestinal
enzymes such as alkaline phosphatase, disaccharidase and enterokinase. CCK accelerates
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small intestinal transit through the CCK-1 receptor (CCK-1R) signaling cascade. In contrast,
CCK inhibits gastric emptying. See text for more details.
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Fig. (3).

Plasma cholecystokinin (CCK) concentrations and gallbladder volume during a meal in
normal human subjects. Reprinted, with permission, from Ref. [31].
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Fig. (4).

This diagram illustrates how cholecystokinin (CCK) stimulates gallbladder contraction by
activating the CCK-1 receptor (CCK-1R) signaling pathway in the sarcolemmae of the
gallbladder smooth muscle. The left panel shows the CCK-1R signaling cascade in the
inactive state, whereas the right panel shows the CCK-1R activated by CCK, coupled with
the stimulation of G proteins in the gallbladder smooth muscle.
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Fig. (5).
(A) Representative photographs and (B) gross observations of gallbladders exhibit that

fasting gallbladder volumes are significantly enlarged in CCK knockout mice compared with
CCK wild-type mice. (C) Postprandial gallbladder sizes in response to the high fat meal.
Duodenal infusion of corn oil could stimulate the release of CCK from the upper part of
small intestine. As a result, the secreted CCK induces gallbladder emptying in CCK wild-
type mice but not in CCK knockout mice. These results indicate that gallbladder contractile
function is impaired in CCK knockout mice. Reprinted, with permission, from Ref. [65].
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Fig. (6).
Representative photomicrographs of mucin gel as well as habits of liquid crystals, solid

cholesterol crystals, and gallstones as observed in fresh gallbladder bile of CCK knockout
mice by phase contrast and polarizing light microscopy: (A) non-birefringent amorphous
mucin gel; (B) arc-like (possible anhydrous cholesterol) crystal; (C) tubular crystal; (D)
tubular crystal fracturing at the end to produce plate-like cholesterol monohydrate crystals;
(E) numerous aggregated non-birefringent liquid crystals and few fused liquid crystals; (F)
agglomerates of typical cholesterol monohydrate crystals, with 79.2° and 100.8° angles, and
often a notched corner; (G) disintegrable amorphous sandy stones surrounded by mucin gel,
with individual plate-like cholesterol monohydrate crystals projecting from the edges; (H)
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true gallstones displaying rounded contours and black centers from light scattering/
absorption. All magnifications are x800, except Figure 6(F and G) x400 and Figure 6H
%200, by polarizing light microscopy. Reprinted, with permission, from Ref. [65].
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Fig. (7).
Small intestinal transit rates in CCK-1R wild-type mice (top panel) and knockout mice

(bottom panel) on chow or fed the lithogenic diet for 14 days as analyzed by the distribution
of radioactivity at 30 minutes along the small intestine following intraduodenal instillation

of [3H]sitostanol dissolved in medium-chain triglyceride [96]. Each bar is the mean

percentage of radioactivity in each segment. Segments 1 and 20 represent evenly divided
segments from the most proximal to the distal part of the small intestine. (A) Arrows show
the geometric center that is significantly (P<0.001) shorter in chow-fed CCK-1R knockout

mice, indicating significantly slower small intestinal transit times (geometric

center=7.8+0.8) compared with the wild-type mice (geometric center=10.8+1.0). (B) Under

conditions of feeding lithogenic diet, CCK-1R knockout mice continue to display

significantly slower small intestinal transit times (geometric center=9.1+1.5) than the wild-

type mice (geometric center=13.3+2.0). Reprinted, with permission, from Ref. [45].
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Table 1.

Effect of dietary nutrients on CCK release.

Nutrients

CCK Release

Fat

e+

Protein

++++

Carbohydrate

+
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