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Abstract

Background—Celiac disease is a chronic, small intestinal, immune-mediated enteropathy
caused by a permanent intolerance to dietary gluten in genetically predisposed individuals.
Clinical studies have found that intestinal cholecystokinin secretion and gallbladder emptying in
response to a fatty meal are impaired before celiac patients start the gluten-free diet (GFD).

Design—However, it was never really appreciated whether celiac disease is associated with
gallstones because there were very few studies investigating the mechanism underlying the impact
of celiac disease on the pathogenesis of gallstones.

Results—We summarize recent progress on the relationship between celiac disease and
gallstones and propose that celiac disease is an important risk factor for gallstone formation
because defective intestinal cholecystokinin secretion markedly increases susceptibility to
cholesterol gallstones via a mechanism involving dysmotility of both the gallbladder and the small
intestine. Because GFD can significantly improve the celiac enteropathy, early diagnosis and
therapy in celiac patients is crucial for preventing the long-term impact of cholecystokinin
deficiency on the biliary and intestinal consequences. When gluten is reintroduced, clinical and
histologic relapse often occurs in celiac patients. Moreover, some of the celiac patients do not
respond well to GFD.

Conclusions—It is imperative to routinely examine by ultrasonography whether gallbladder
motility function is preserved in celiac patients and monitor whether biliary sludge (a precursor of
gallstones) appears in the gallbladder, regardless of whether they are under the GFD program. To
prevent gallstones in celiac patients, it is urgently needed to investigate the prevalence and
pathogenesis of gallstones in these patients.
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Introduction

Celiac disease is a chronic autoimmune enteropathy caused by a permanent intolerance to
dietary gluten in genetically predisposed individuals [1-3]. The major site of damage is
localized on the upper part of small intestine, which typically displays villus atrophy of the
mucosa [4]. In the past decades, clinical studies and basic research have extensively
investigated the pathogenesis of celiac disease, with a focus mainly on immune-mediated
enteropathy that is precipitated by dietary gluten. It was recognized 40 years ago [5] that
gallbladder emptying in response to a fatty meal is dramatically reduced because of
defective cholecystokinin (CCK) release from the proximal small intestine caused by
enteropathy in celiac patients before they start the gluten-free diet (GFD). However, it is still
unclear whether these patients display a predisposition to gallstones. Because neither
epidemiological investigations on gallstone prevalence rates in celiac patients nor clinical
studies on the impact of celiac disease on the pathogenesis of gallstones were reported, it
remains largely unknown whether celiac disease is indeed associated with gallstone
formation. In this concise review article, we summarize recent progress on the relationship
between celiac disease and gallstone disease and propose that celiac disease is an important
risk factor for gallstone formation because of impaired intestinal CCK secretion in these
patients.

Impaired CCK secretion in patients with celiac disease

CCK is a neuroendocrine peptide hormone that is synthesized and secreted by the I-cells in
the mucosal epithelium of the proximal small intestine in response to a meal containing fat
and proteins [6]. After CCK is secreted by the I-cells and enters the circulation, it stimulates
the contraction of the gallbladder and the relaxation of the Sphincter of Oddi by activating
the CCK-1 receptor (CCK-1R) signaling cascade [7]. This promotes the release of
concentrated gallbladder bile to the small intestine in where, bile salts, a major lipid
component of bile, play a critical role in regulating the digestion and absorption of dietary
cholesterol, fat, and fat-soluble vitamins by forming mixed micelles that facilitate transport
of these lipids across the unstirred layer of water adjacent to the surface of the apical
membrane of enterocytes for uptake through a receptor-mediated mechanism [8]. In
addition, CCK modulates gastric emptying and small intestinal motility by stimulating the
CCK-2R and the CCK-1R signaling pathways, respectively [9]. The regulatory role of CCK
in the gastrointestinal motility could influence the absorption efficiency of nutrient
components by the enterocytes [10, 11]. CCK may have an effect on regulating bile flow and
hepatic secretion of biliary lipids although further studies are needed to prove it [12].

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 release from the atrophic small intestinal mucosa as found by low CCK
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concentrations in both plasma and duodenal extracts [5, 13—-17]. Another possible
explanation is that gallbladder responsiveness to CCK may also be impaired [18]. Further
clinical studies found that in the fasting state, the circulating CCK levels are dramatically
lower in untreated celiac patients than in healthy control subjects [5]. However,
immunocytochemical studies found that the number of CCK-producing endocrine cells, i.e.,
the I-cells, in jejunal biopsies is significantly higher not only in untreated patients with
celiac disease, but also in celiac patients on gluten challenge diet compared to healthy
subjects [19-21]. These findings indicate that a fatty meal cannot effectively stimulate CCK
secretion by the I-cells in celiac patients and this abnormality is highly attributed to severe
villus atrophy, crypt hyperplasia, enterocyte disarray, epithelial cell layer, and intense
inflammation of the lamina propria in celiac disease [1]. More importantly, after eating
GFD, plasma CCK concentrations are increased in celiac patients and the number of I-cells
is comparable between celiac patients on GFD and healthy control subjects [21]. This
implies that the physiological function of the intestinal I-cells is not impaired. By contrast,
the increased number of I-cells caused possibly by a compensatory mechanism is restored to
normal in celiac patients after GFD that leads to histologic improvement in the small
intestine.

Obviously, the gallbladder becomes “large, lax, and lazy”, i.e., gallbladder stasis, in celiac
patients before starting GFD [22], and this may put them at a high risk of developing biliary
sludge and then gallstones. It is well established that under conditions of gallbladder stasis, a
large amount of mucin gel, a potent pronucleating agent, is often produced and accumulated
in the gallbladder. In addition, gallbladder stasis increases cholesterol absorption by the
gallbladder epithelial cells and promotes the conversion of cholesterol to cholesteryl esters
for storage in the gallbladder wall, which further worsen impaired gallbladder motor
function. More importantly, a longer residence time of cholesterol-supersaturated bile in the
gallbladder lumen often leads to rapid cholesterol crystallization and crystal growth and
agglomeration into microlithiasis and subsequently macroscopic gallstones not only in
patients without celiac disease, but also in celiac patients [23]. These clinical observations
support the notion that celiac patients are predisposed to gallstone formation before starting
GFD. However, the impact of celiac disease on the formation of gallstones has been
overlooked in the past decades. It is imperative to bring up this important issue to physicians
for their clinic practice.

Celiac disease is a risk factor for gallstone formation

Because there were very few studies investigating the role of celiac disease in the formation
of cholesterol gallstones in the past decades, it was never really appreciated whether celiac
disease is a crucial risk factor for gallstone formation. Moreover, little is known about the
exact prevalence rate of gallstones in celiac disease because these patients are often
recommended immediately starting GFD as soon as a positive diagnosis is made. Another
possible explanation is that many celiac patients may not be diagnosed because of their
atypical or mild symptoms. In addition, celiac disease was long considered to be a rare
disorder, particularly in adults. Because of wide variations in the nature and intensity of
clinical presentation, this makes it difficult to early diagnose celiac disease in silent patients.
Actually, overt celiac disease is only the emerging peak of the celiac iceberg and most of the
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patients are under silent or latent conditions [1]. Therefore, the true prevalence of celiac
disease remains unknown and may vary according to geographical areas. Furthermore, large
efforts have been made in investigating the pathogenesis of celiac disease with a focus on the
enteropathy and in preventing it by the GFD program. On the other hand, it is unclear
whether some of the gallstone patients that are diagnosed by ultrasonography or have a
cholecystectomy due to gallbladder stones are under conditions of silent or latent celiac
disease. As a result, the association between celiac disease and gallstones has long been
lacking and long been overlooked.

To the best of our knowledge, there was only a clinical survey reporting that gallstone
prevalence was 20% in 30 elderly patients with celiac disease that was diagnosed by
intestinal biopsy [24], which is markedly higher than that in ordinary Americans (12% of
adults). Thus, it is urgently needed to perform more careful epidemiological surveys on
gallstone prevalence rates in patients with celiac disease and clinical studies on the impact of
celiac disease on gallstone pathogenesis in celiac patients before and after the ingestion of
GFD. Of special note is that some of the celiac patients do not respond well to GFD. In
addition, when gluten is reintroduced, clinical and histologic relapse often occurs in celiac
patients because the intolerance is permanent. Thus, comprehensive prospective and
retrospective cohort studies should be performed to investigate the prevalence and
pathogenesis of gallstones in subgroups of celiac patients.

Potential lithogenic mechanism of celiac disease

How does celiac disease induce cholesterol-supersaturated bile, a critical factor for gallstone
formation? Vuoristo and Miettinen have found that hepatic secretion of biliary cholesterol,
phospholipids, and bile salts, as well as bile flow are significantly increased in patients with
celiac disease compared to healthy control subjects [25]. More importantly, biliary
cholesterol secretion is almost doubled in celiac patients, indicating that hepatic
hypersecretion of biliary cholesterol is a primary factor for the formation of supersaturated
bile [25]. By studying CCK knockout (KO) mice, an excellent animal model relevant to the
biliary characteristic of celiac disease, it is observed that hepatic secretion of biliary
cholesterol and phospholipids, but not bile salts, is significantly increased after 56 days of
lithogenic diet feeding [26]. These abnormalities enhance biliary lithogenicity, thereby
leading to rapid cholesterol crystallization and gallstone formation in CCK KO mice
compared to wild-type (WT) mice. Moreover, expression of the sterol transporters Abcg5/g8
that are mainly responsible for hepatic cholesterol secretion is significantly higher in CCK
KO mice than in WT mice. However, hepatic expression of Srebp2and Hmgcrare
comparable in CCK KO vs. WT mice, implying that hepatic cholesterol biosynthesis is not a
major source for biliary lithogenicity in CCK KO mice.

Where do excess amounts of the cholesterol molecules originate from for inducing
supersaturated bile in celiac patients? It has been found that CCK plays a role in the
regulation of small intestinal motility because Cck-1ris expressed in the smooth muscle of
small intestine, which is a variable known to influence intestinal cholesterol absorption in
humans [27]. Indeed, small intestinal transit time is significantly retarded not only in CCK
KO mice [26], but also in CCK-1R KO mice [10]. As a result, intestinal cholesterol
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absorption efficiency is significantly increased in these knockout mice. In parallel with the
findings in humans [27], these findings substantiate the concept that the small intestinal
transit rate plays a critical role in regulating cholesterol absorption [8]. Thus, retardant small
intestinal transit rate augments intestinal cholesterol absorption most likely due to a longer
residence time of the sterols in the lumen of small intestine. This, in turn, amplifies
cholesterol’s incorporation into mixed micelles and also enhances partitioning of cholesterol
monomers out of micelles, rendering them available for intestinal uptake by cholesterol
influx sterol transporter, Niemann-Pick C1-like protein 1 (NPC1L1), on the apical
membrane of enterocytes. Accumulated evidence has shown that sluggish small intestinal
transit rate augments intestinal cholesterol absorption efficiency not only in CCK and
CCK-1R KO mice [10, 26], but also in humans with pharmacological intervention [27].
Increased intestinal cholesterol absorption is also a risk factor for the formation of lithogenic
bile and gallstones [28]. Aspects related to small intestinal transit time have not examined
yet in celiac disease, but intestinal cholesterol absorption efficiency is lower in untreated
celiac patients compared to healthy subjects [29], which may be attributable to a mucosal
damage in the proximal small intestine, a major site for cholesterol absorption [30].
However, further clinical studies found that because biliary cholesterol secretion is almost
doubled in celiac patients [25], intestinal cholesterol absorption in absolute terms is high
despite its low fractional absorption [29]. Under these circumstances, a large amount of the
cholesterol molecules absorbed from the small intestine is delivered to the liver through the
chylomicron remnant pathway for hepatic hypersecretion into bile. This explains, in part,
why hepatic cholesterol secretion is high in untreated celiac patients.

The lack of endogenous CCK in mice with disruption of the Cck gene markedly increases
fasting and postprandial gallbladder volumes by impairing gallbladder emptying function,
leading to gallbladder stasis [26]. This greatly facilitates the crystallization of cholesterol
monohydrate crystals and their growth and agglomeration to gallstones [31]. Because
impaired gallbladder motor function is strongly linked to gallstone formation [23], these
abnormalities could enhance the cholelithogenesis in celiac patients. Moreover,
supersaturated bile increases expression of MucZ, Mucbac, and Muc5b for producing the
gel-forming mucins, thus inducing the accumulation of excess mucin gel in the gallbladder.
This greatly promotes growth and agglomeration of solid cholesterol monohydrate crystals
into microlithiasis. The gallbladder epithelial cells also actively secrete and absorb biliary
lipids and water to modify lipid concentrations of bile [23]. In the lithogenic state,
gallbladder cholesterol absorption is enhanced so that the accumulation of excess cholesterol
in the gallbladder wall is increased. Because gallbladder epithelial cells do not have a
capability to synthesize lipoproteins for lipid transport into the circulation, the absorbed
cholesterol has to be converted to cholesteryl esters for storage in the mucosa and lamina
propria. Excess amounts of cholesterol and cholesteryl esters could disrupt CCK-1R
signaling cascade and decouple the G-protein-mediated signal transduction by stiffening the
sarcolemmal membrane of the smooth muscle. These alterations further paralyze gallbladder
contractility and lead to biliary sludge (a precursor of gallstones) that consists of solid
cholesterol monohydrate crystals, calcium bilirubinate granules, or other calcium salts
embedded in strands of mucin gel [32]. Biliary sludge can spontaneously disappear and re-
form over time, or it can evolve to become gallstones, which is often found in a subgroup of
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patients who have a predisposition to gallstones [32]. Because the intolerance is permanent
in celiac patients, when gluten is reintroduced, clinical and histologic relapse often occurs
[33]. Under these circumstances, biliary sludge can disappear and re-form over time in
celiac patients. All of these findings imply that impaired gallbladder emptying and increased
mucin gel accumulation are two key risk factors for gallstone formation in celiac patients
when they suffer from gallbladder stasis. Although an impaired CCK release and gallbladder
contractile dysfunction in celiac patients have been recognized 40 years ago, it is unfortunate
that no further clinical study was performed to investigate whether biliary sludge was
formed by ultrasonography in these patients before starting GFD.

Potential role of CCK-1R agonists in the prevention of gallstones in celiac

patients

Removal of gluten from the diet is essential for the treatment of celiac disease [1].
Compelling evidence from clinical studies has clearly demonstrated that after strict
adherence to GFD in celiac patients, intestinal CCK release is restored to normal and
gallbladder bile is emptied immediately in response to endogenous CCK after a meal [14].
Furthermore, intestinal cholesterol absorption is restored to normal and hepatic cholesterol
secretion is reduced markedly [14]. This significant improvement is attributed to a dietary
intervention with GFD, leading to well-formed villi and a return of the mucosal architecture
toward normal [34, 35]. This indicates that the GFD not only leads to prompt clinical and
subsequent histologic improvement, but also could reduce the risk of developing gallstones
in celiac patients. It has been found that patients with long-term total parenteral nutrition
(TPN) usually suffer from gallbladder stasis that markedly increases the risk of developing
biliary sludge and gallstones. A single daily intravenous injection of CCK-8 prevents TPN-
induced biliary sludge and gallstones by improving gallbladder contractility in patients [36].
Based on these observations, it is likely that oral non-peptide CCK-1R agonists, i.e., CCK-8
analogues may reduce the risk of developing gallstones in celiac patients. However, further
clinical trials are required to support this idea.

Because the detergency of bile acids is obligatory for intestinal cholesterol uptake through
micellar solubilization of the intraluminal sterols, the secretion of concentrated gallbladder
bile to the small intestine greatly facilitates the digestion and absorption of dietary lipids. If
impaired gallbladder contractility is restored by CCK-1R agonists or bile acids such as
cholic acid is fed, this may improve the symptoms of maldigestion and malabsorption such
as diarrhea, steatorrhea, weight loss, and nutritional deficiencies in celiac patients [37-40].
In addition, improving gallbladder kinetics may restore small intestinal motility and reduce
contacting time of dietary gluten with the epithelial cells of the small intestine by
accelerating its fecal excretion. This may further alleviate the symptoms of maldigestion and
malabsorption in celiac patients even when they are put on the GFD program. A clinical trial
should be performed to test the hypothesis that frequent gallbladder emptying through
CCK-1R agonists or alternatively gallbladder prokinetic agents restores gallbladder
contractility, thereby protecting against gallbladder stasis, biliary sludge, and gallstones in
celiac patients.
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Conclusions and future directions

The molecular mechanism underlying the critical role of celiac disease in gallstone
formation has been largely unknown until now. It is highly likely that the defective CCK
release in celiac patients markedly enhances susceptibility to gallstones via a mechanism
that involves the dysmotility of both the gallbladder and the small intestine. Because GFD
can significantly improve the celiac enteropathy, early diagnosis and therapy in celiac
patients is important for preventing the long-term impact of CCK deficiency on the biliary
consequences due to the small intestinal mucosal atrophy. Although gallstones could be
prevented by strict adherence to GFD, some of the celiac patients do not respond well to
GFD and this is still a challenging task for the treatment of celiac disease [1]. Furthermore,
it has been found that when gluten is reintroduced, clinical and histologic relapse often
occurs because the intolerance is permanent in these patients [33]. Therefore, it is imperative
to routinely examine whether gallbladder motor function is impaired and monitor whether
biliary sludge is formed in the gallbladder by ultrasonography in patients with celiac disease,
regardless of whether or not they are under the GFD program. A special attention should be
given to celiac patients under silent or latent conditions because the long-term impact of
impaired CCK secretion on gallbladder contractility and gastrointestinal tract transit is often
overlooked. CCK-1R agonists should be tested in a cohort study to explore whether they
prevent gallstone formation by improving gallbladder contraction function and reducing bile
lithogenicity in celiac patients. Moreover, CCK-1R agonists may ameliorate clinical
symptoms and subsequently prompt histologic improvement of the small intestinal mucosa
caused by dietary gluten by reducing contacting time between gluten and the mucosal
surface of the small intestine through accelerating small intestinal transit rate for its fecal
excretion. However, further clinical trials are required to support this intriguing idea.

Acknowledgments:

This work was supported in part by research grants DK101793 and DK106249 (to DQ-HW), both from the
National Institutes of Health (US Public Health Service).

Abbreviations:
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Figure 1.
A working model elucidates the mechanism underlying the critical role of celiac disease in

cholesterol gallstone formation. Abbreviations: Ch, cholesterol; CCK, cholecystokinin. See
text for details.
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