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KEY POINTS

e Bile acids play a prominent role in expression of genes involved in their own uptake and
secretion within the enterohepatic circulation.

e Bile acids serve as ligands for the nuclear receptor farnesoid X receptor and transmem-
brane protein TGR5, through which they exert their regulatory effects in hepatic and extra-
hepatic tissues.

e Cholelithiasis is a disease associated with the metabolic syndrome and is the result of
both modifiable and nonmodifiable risk factors.

o Different types of gallstones (cholesterol, black pigment, brown pigment stones) are asso-
ciated with separate risk factors and disease processes.

e Disease states and therapies can alter bile metabolism, leading to an increased risk of
gallstone formation.

INTRODUCTION

Gallstone disease affects 20 to 25 million adults in the United States."? Although most
patients remain asymptomatic, some patients do eventually progress to symptomatic
or complicated disease, leading to more than 750,000 cholecystectomies in the United
States every year.® Of all hospital admissions in 2009, cholelithiasis and cholecystitis
were the second most common discharge diagnoses among patients admitted with
gastrointestinal illnesses.* Cholelithiasis poses a significant economic burden in this
country, with direct and indirect costs totaling $6.2 billion annually.?® As our popula-
tion continues to age and the obesity epidemic persists, the incidence of gallstone dis-
ease is increasing. A thorough understanding of the underlying physiology of bile
metabolism and lithogenesis is necessary to provide optimal management of these
patients and for developing new strategies to prevent gallstone formation.

BILE METABOLISM

The synthesis of bile acids, the formation of bile, the enterohepatic circulation, and the
modifications of bile acids throughout their lifespan all contribute in the metabolism of
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bile. In recent years, many advances have been made in the understanding of the
widespread activities of bile acids on a cellular and molecular level.

Function of Bile Acids

Bile acids function as the detergent component of bile, emulsifying dietary fats, fat-
soluble vitamins, and drugs to allow intestinal absorption. Bile acids and phosphatidyl-
choline maintain the solubility of cholesterol in bile; the excretion of bile acids is the
primary pathway for cholesterol catabolism, accounting for 50% of the daily turnover.®
Recently, many studies have shown that bile acids have other important physiologic
activities beyond fat digestion, including regulation of their own synthesis, endocrine
and paracrine functions.”~® Bile acids serve as ligands for nuclear receptors, mainly
farnesoid X receptor (FXR) and pregnane X receptor, which are involved in carbohy-
drate, triglyceride, and sterol metabolism.'®"'® Bile acids have also been shown to
interact with cell surface receptors, namely TGR5, and be involved in energy expendi-
ture, lipid metabolism, glucose homeostasis, and inflammatory/immune responses.’
TGRS receptors are located in brown adipose tissue, skeletal muscle, nervous system
tissue, immune tissue, and colonic tissue, demonstrating the widespread effects of
bile acids beyond the biliary system.'®'® The molecular structure of TGR5 consists
of a unique ligand-binding pocket for bile acids, making this receptor a potential
drug target for new pharmaceuticals developed to treat metabolic syndrome.'”

Bile Composition

The liver produces 600 to 750 mL of bile daily. The major lipid components of bile
include bile acids (72%), phospholipids (24%), and cholesterol (4%).'® The bile acid
pool consists of primary bile acids (cholic acid and chenodeoxycholic acid) and sec-
ondary bile acids (deoxycholic acid and lithocholic acid). Primary bile acids are those
that are produced de novo by the liver, and secondary bile acids are primary bile acids
that have undergone deconjugation by intestinal bacteria. Phospholipids in healthy
individuals consist mainly of phosphatidylcholine (>95%). These proportions are
altered in chronic cholestatic conditions, such as primary sclerosis cholangitis or
primary biliary cirrhosis.

Bile Acid Synthesis

Bile acids, the main lipid component of bile, are formed in the perivenous hepatocytes.
Formation of all bile acids begins with a steroid nucleus, to which subsequent modi-
fications are made. The amphipathic nature of bile salts is caused by the combination
of hydrophilic hydroxyl groups and hydrophobic methyl groups, which are oriented
opposite each other around the steroid nucleus.®

There are 2 pathways by which bile acid biosynthesis occurs: the classic or neutral
pathway and the alternative or acidic pathway. The classic pathway begins with hy-
droxylation of the steroid nucleus, which is the rate-limiting step controlled by choles-
terol 7a-hydroxylase (CYP7A1)."® This enzyme is only found in hepatocytes; thus, the
classic pathway only takes place in the liver. This pathway is regulated by a negative
feedback loop with bile acids inhibiting CYP7A1 activity and expression.’

The alternative pathway is controlled by oxysterol 7a-hydroxylases (CYP7B1),
which are constitutively expressed in extrahepatic tissue, such as macrophages, kid-
ney, and vascular endothelium. These enzymes oxidize cholesterol to oxysterols in the
peripheral tissues, which are then transported to the liver for final modification to form
primary bile acids.?® Normally, the alternative pathway contributes approximately
10% to overall daily bile acid synthesis; however, this pathway may become more
prominent in patients with liver disease.’®
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Bile acid intermediates from both the classic and alternative pathways are then
hydroxylated by sterol 12-a-hydroxylase (CYP8B1), which determines the ratio of pri-
mary bile acids, cholic acid versus chenodeoxycholic acid.'® The primary bile acids
are then conjugated with glycine (75%) or taurine (25%), increasing the hydrophilicity
of the molecules.?"?2 At this point, the conjugated bile acids are then ready for trans-
port into the bile canalicular lumen.

ENTEROHEPATIC CIRCULATION

Bile acids follow a circular pathway passing through the liver, biliary tree, intestine, and
portal blood. The purpose of this enterohepatic circulation (EHC) is to recover and
recycle bile acids. Ninety-five percent of the bile acid pool is recovered by the EHC,
and 5% is excreted in stool. The rate-limiting step of EHC is bile acid secretion from
hepatocytes, an ATP-dependent process governed by the bile salt export pump
(BSEP).2®

Interorgan Transport

When stimulated by a meal, the gallbladder contracts, releasing the stored bile con-
taining conjugated bile acids, into the duodenum. Here they form mixed micelles
with other biliary lipids and dietary lipids. Once in the ileum, a small amount of bile
acids are deconjugated and subsequently passively reabsorbed in the terminal
ileum. Most of the bile acids remain conjugated in the small intestine and are reab-
sorbed by an active transporter in the ileal enterocytes, the apical sodium-
dependent bile acid transporter (ASBT).2" The bile acids that escape reabsorption
in the terminal ileum enter the colon where they are subjected to modifications intro-
duced by the gut microflora. After reabsorption by either the ileum or colon, the bile
acids enter the portal blood and are transported back to the liver. Conjugated and
unconjugated bile acids are extracted from portal blood at the sinusoidal membrane
of hepatocytes via the sodium/taurocholate cotransporting polypeptide and via the
organic anion-transporting polypeptides (OATP1B1, OATP1B3), respectively.?’
Recycled unconjugated bile acids are then reconjugated to glycine or taurine, and
re-secreted into the bile canaliculi along with newly synthesized bile acids by the
BSEP. The cycle then repeats itself, with the bile acids completing multiple cycles
before they undergo excretion in the stool. A small amount of bile acids spill into
the systemic circulation and are transported in the blood via serum albumin.?* In
the peripheral tissues, bile acids interact with TGR5 receptors to regulate gene
expression outside of the biliary system as discussed previously. Bile acids have
been detected in brain, heart, kidney, thyroid, and ovarian tissues.?°?” Details of
the molecular modifications that take place throughout various points in the EHC
are found later.

Intracellular Transport

As depicted in Fig. 1, bile acids enter the apical pole of the ileal enterocytes through
the ASBT, an energy-dependent process. Once inside the cell, transport to the oppo-
site pole is mediated by proteins including fatty acid-binding protein (FABP1) and ileal
lipid-binding protein (ILBP).?%2° FABP1 is abundant in the liver and small bowel and
preferentially binds fatty acids as opposed to bile acids. ILBP is predominantly located
in enterocytes in the distal ileum and has greater affinity for conjugated bile acids.
Once the bile acids are transported to the basal membrane, they exit the enterocyte
via the basolateral heterodimeric organic solute transporter (OSTo/OSTp) into the
portal blood.*°
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Fig. 1. Intracellular transport of bile acids. Conjugated bile acids enter the apical pole of the
ileal enterocytes through ASBT. Inside the cell, bile acid transport is mediated by the ileal
lipid—binding protein (ILBP), while the fatty acid—binding protein (FABP1) transports fatty
acids. Exit at the basolateral membrane into the portal system is mediated by the organic
solute transporter (OSTa/OSTR).

Portal Vein

Modifications by Gut Bacteria

Bile acids have multiple mechanisms by which they exert bactericidal activity. First,
antibacterial effects are inherent in the detergent molecular structure of bile acids.
Second, conjugated bile acids bind to FXR receptors in the ileum, inducing gene
expression of angiogenin, nitric oxide synthase, and interleukin 18, all enzymes known
to have antimicrobial effects.®’ Through this mechanism, it is thought that conjugated
bile acids assist in controlling bacterial overgrowth in the gut. Colonic bacteria metab-
olize bile acids and, thus, decrease the bactericidal activity.

As stated previously, the small amount of conjugated bile acids that escape to the
colon are deconjugated by bile acid hydrolases, enzymes produced by colonic bacteria
(Fig. 2). The process of deconjugation includes enzymatic hydrolysis of the C-24 N-acyl
amide bond linking bile acids to their amino acid conjugates (glycine and taurine).'®
Deconjugation and subsequent oxidation converts the primary bile acids, cholic acid
and chenodeoxycholic acid, to secondary bile acids, deoxycholic and lithocholic acids,
respectively. This biotransformation decreases the toxicity of the bile acids to the
bacteria while increasing the toxicity to enterocytes and hepatocytes. The carcinogenic
effects of secondary bile acids on the cells of the colon and liver are mediated by
various cell signaling pathways resulting in the inhibition of DNA repair enzymes, inter-
ference of tumor suppressor genes, and stimulation of growth promoters.*? Bile acids
have been well established in the carcinogenesis of colorectal cancer.%*

FXR

FXR is a nuclear receptor that is highly expressed in the liver, intestine, and kidney. In
hepatocytes, bile acids activate FXR to suppress their own de novo synthesis, produc-
ing a negative feedback loop.2%*° There are 2 known bile acid/FXR-dependent path-
ways that inhibit CYP7A1 (rate-limiting enzyme in bile acid synthesis in the neutral
pathway) and CYP8B1 (enzyme responsible for production of cholic acid). First, bile
acids activate FXR, leading to upregulation of small heterodimer partner (SHP). SHP
interacts with multiple transcription factors that, in turn, bind to bile acid response
elements located in the promoter region of CYP7A1 and CYP8B1, leading to the

Descargado para Anonymous User (n/a) en Fundacion Universitaria de Ciencias de la Salud de ClinicalKey.es por Elsevier en septiembre
06, 2017. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2017. Elsevier Inc. Todos los
derechos reservados.



Bile Metabolism and Lithogenesis 365

Gut Bacteria

Fig. 2. Deconjugation of bile acids. Colonic bacteria produce bile acid hydrolyses, which lyse
the bond to glycine or taurine in primary bile acids, resulting in the formation of secondary
bile acids.

inhibition of bile acid synthesis.®®*3® Second, binding of bile acids to FXR causes
increased expression of fibroblast growth factor 19, which binds to fibroblast growth
factor receptor 4 (FGFR4) receptors on hepatocytes. This activity initiates a cascade
of events leading to the activation of the JNK (c-Jun N-terminal Kinase) pathway,
ultimately repressing CYP7A1 transcription.>®

The activation of FXR in hepatocytes also enhances the conjugation and detoxifica-
tion of bile acids in addition to increasing bile acid efflux to prevent hepatic accumu-
lation. FXR is involved in the conjugation of bile acids via the regulation of bile acid
coenzyme A synthetase and bile acid coenzyme A amino acid N-acetyltransferase.*°
Bile acids promote their own excretion from hepatocytes into the canalicular lumen
through FXR-activated expression of the BSEP in the hepatocyte membrane, thus,
preventing hepatocyte toxicity.

GALLBLADDER DISEASE

Gallstone disease affects 10% to 20% of American adults within their lifetime and is
one of the leading indications for surgery in the United States.*' Eighty percent of peo-
ple with gallstones remain asymptomatic, with the diagnosis usually made by ultra-
sound or computed tomography for an unrelated cause. However, 2% to 3% of
patients progress to symptomatic disease per year, with 10% of patients considered
symptomatic at 5 years.*> A total of 1% to 2% of patients with gallstones develop
complicated disease (ie, cholecystitis, pancreatitis, cholangitis) annually.*>

Lithogenesis

Gallstones form in the gallbladder and in the bile ducts. The gallbladder is the site of
the formation of most gallstones and its functions are essential to the process of litho-
genesis. Filling of the gallbladder occurs with tonic contraction of the ampullary
sphincter at 10 to 15 mm Hg. Bile flow is increased during periods of partial emptying
(in between meals) and involves the activity of the migrating motor complex and moti-
lin. After a meal, cholecystokinin (CCK) is released from the duodenum, stimulating
contraction of the gallbladder. The contraction empties 50% to 70% of the volume
into the duodenum and refills within 60 to 90 minutes.**
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The mucosa of the gallbladder functions in absorption of electrolytes and water,
concentration of bile, and secretion of proteins. The volume of the gallbladder is 40
to 50 mL; however, it is capable of storing up to 750 mL of bile because it has the
greatest absorptive capacity per unit of any bodily tissue. Concentration of bile occurs
by active sodium chloride transport, resulting in passive water absorption and concen-
tration of the bile to 5 to 10 times its native form. Hydrogen ions are secreted by the
gallbladder to decrease the pH of the bile from approximately 7.5 to 7.8 to 7.1 to
7.3, leading to increased calcium solubility.** The secretion of mucous glycoproteins
provides a resistant barrier to the concentrated bile salts as well as a nidus for choles-
terol nucleation.

Cholesterol stones

Eighty percent of all gallstones are classified as cholesterol stones. The formation of
cholesterol gallstones is multifactorial and involves cholesterol supersaturation in bile,
crystal nucleation, gallbladder dysmotility, and gallbladder absorption and secretion.
First, as bile is concentrated in the gallbladder, there is a transfer of cholesterol and
phospholipids from vesicles to micelles. The phospholipids preferentially transfer to
the micelles, leaving behind cholesterol-rich vesicles, which then precipitate into crys-
tals. Second, crystallization is accelerated by pronucleating factors in the gallbladder,
including mucin glycoproteins, immunoglobulins, and transferrin. Third, incomplete
emptying or dysmotility of the gallbladder allows concentrated bile to stagnate,
increasing the residence time within the gallbladder. Dismotility of the gallbladder
also permits an increase in the size of existing gallstones, thus, increasing the prob-
ability of transforming into symptomatic disease. Lastly, alteration in the concentra-
tions of sodium, chloride, and bicarbonate changes the saturation of cholesterol
leading to precipitation of calcium and crystal formation (Fig. 3).*4

Risk factors There are various well-established risk factors leading to the development
of cholesterol gallstones. Modifiable risk factors include diet, sedentary lifestyle, rapid
weight loss, and obesity. Nonmodifiable risk factors include ethnicity, genetics,
advancing age, and female sex (Table 1).4°

Altered
Absorption
&
Secretion

Gallbladder
Dysmotility

Cholesterol
Supersaturation

Fig. 3. Lithogenesis. Gallstone formation consists of 4 components: cholesterol supersatura-
tion, crystal nucleation, gallbladder dysmotility, and abnormal gallbladder absorption/
secretion.
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Table 1
Modifiable and nonmodifiable risk factors for cholesterol gallstone formation

Cholesterol Gallstone Risk Factors

Modifiable Nonmodifiable

Diet Genetics

Physical activity Ethnicity

Rapid weight loss Advancing age
Obesity Female sex
Dyslipidemia Chronic disease states

Ethnicity/geography Cholesterol gallstones are most prevalent in developed coun-
tries, and this is attributed to the popularization of the Western diet. The Third National
Health and Nutrition Examination Survey, a large cross-sectional ultrasonographic
study, established the prevalence of gallstone disease in the United States.*® This
study demonstrated that North American Indians have the highest rates of cholelithi-
asis, with women at 64.1% and men at 29.5% prevalence rates. Mexican Americans
have a higher prevalence of gallstones compared with non-Hispanic groups in the
United States, with rates equal to 8.9% in men and 26.7% in women. Caucasian
woman have a prevalence of 16.6% and men at 8.6%, which is higher than African
American women at 13.9% and men at 5.0%. On a global scale, Asians have an overall
prevalence of 3% to 15%, with multiple recent studies reporting a significant increase
in cholesterol gallstone disease over the past few decades, largely attributed to adop-
tion of a Westernized diet.*® The lowest rates of gallstones are in sub-Saharan Africans
at less than 5%.%'

Genetics The contribution of hereditary versus environmental factors to the develop-
ment of gallstones has yet to be determined. Familial studies have demonstrated that
people with first-degree relatives with gallstones are 2 to 4 times more likely to
develop gallstones compared with controls.*”8 The Swedish twin study, published
in 2005, included 43,141 pairs of monozygotic and dizygotic twins. This study
revealed significantly higher rates of gallstone disease in monozygotic twins
compared with dizygotic twins, especially in the younger cohort. The researchers
concluded that heritability accounts for 25%, shared environmental influences for
13%, and unique environmental influences for 62% of gallstone disease variance
among the twins.*® Another study of 358 Midwestern families found the heritability
of symptomatic gallstones to be at least 30%, similar to what was found in the Swed-
ish study.®° These studies demonstrated that, although family members share com-
mon environmental exposures, including dietary habits, genetic predisposition is a
major risk factor to the development of stones.

Sex Women are twice as likely as men to form gallstones, a process related to female
sex hormones, birth control medications, parity, and hormone replacement therapies.
Estrogens increase cholesterol secretion and decrease bile salt secretion, and pro-
gesterone also reduces bile salt secretion and impairs gallbladder emptying. The com-
bination of these 2 hormones creates a high cholesterol-cholestatic environment,
optimal for lithogenesis.

Additionally, women who are pregnant are more likely to suffer from symptomatic
gallstones. The increased levels of estrogen and progesterone lead to cholesterol hy-
persecretion and gallbladder stasis. During pregnancy, it is estimated that 30% of
women develop biliary sludge and 2% develop gallstones. In the postpartum period

Descargado para Anonymous User (n/a) en Fundacion Universitaria de Ciencias de la Salud de ClinicalKey.es por Elsevier en septiembre
06, 2017. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2017. Elsevier Inc. Todos los
derechos reservados.



368 O’'Connell & Brasel

when gallbladder motility and bile composition return to normal, there is complete
resolution of sludge in 61% of women and in 28% of women with gallstones.®"

Age The risk of developing gallstones increases markedly with advancing age. After
40 years of age, the incidence of gallstones increases by 1% to 3% per year.*?
With increasing age, hepatic cholesterol secretion is increased, cholesterol saturation
increases, and bile acid synthesis is decreased. These alterations are attributed to
decreased activity of the rate-limiting enzyme for bile acid synthesis CYP7A1.°2 There
is also a higher prevalence of black pigment stones compared with cholesterol stones
in people of increasing age.

Dietary factors Multiple large global epidemiologic studies have identified that diets
high in refined carbohydrates, high in triglycerides, and low in fiber are associated
with the development of gallstones. Diets high in protein and fiber have been shown
to have the opposite effect, actually protecting against gallstone development.5*°° Fi-
ber, by increasing bulk, accelerates intestinal transit time, leading to decreased forma-
tion of secondary bile acids. Because secondary bile acids are associated with an
increased cholesterol saturation index in bile, increased consumption of dietary fiber
hinders the development of gallstones.*® Other dietary factors with an inverse associ-
ation to gallstone development include alcohol and caffeine.*®%” Moderate amounts
of alcohol, 1 to 2 drinks daily, is protective in that the conversion of cholesterol to
bile acids is increased. Caffeine, on the other hand, stimulates CCK release from
the duodenum, effectively increasing gallbladder motility.

Total parenteral nutrition (TPN) is a well-known risk factor for the development of
sludge and gallstones. A possible explanation for this strong correlation is that the
loss of enteric stimulation of gallbladder contraction leads to gallbladder stasis. One
study demonstrated that after 4 weeks of TPN, 50% of patients developed gallbladder
sludge, which progressed to 100% with sludge at 6 weeks.°® Most of these patients
are asymptomatic, and there is resolution with discontinuation of TPN.

Obesity Obesity is an epidemic in developed nations and is a strong risk factor
for gallstone disease. This factor may be, in part, caused by the increased activity
of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the rate-limiting
enzyme in cholesterol synthesis, leading to increased cholesterol synthesis in the liver
and secretion into the bile.®® Although obese individuals hypersecrete bile salts and
phospholipids in addition to cholesterol, the rate of cholesterol hypersecretion ex-
ceeds that of the other factors, leading to supersaturation of the bile with increased
lithogenicity.

Abdominal adiposity, especially in women, has been identified as a major risk factor
for gallstone development. Waist circumference and waist-to-hip ratio have been
shown to be better predictors of gallstone development compared with body mass in-
dex or overall total body fat.® Individuals with obesity in their late teenage years carry
the greatest risk of developing gallstone disease throughout their lifetime. The preva-
lence of gallstone disease among obese children and adolescents may be as high as
2%, whereas the prevalence among unselected pediatric groups is between 0.1% and
1.0%.51:62

Rapid weight loss Bariatric surgery patients with rapid postoperative weight loss
develop gallstones in 30% to 71% of cases. The incidence of gallstones is highest
within the first 2 years after surgery. Most of these stones are asymptomatic,
but weight loss exceeding 25% of total body weight is predictive of symptomatic
disease.’® The mechanism for increased lithogenesis in bariatric patients is
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unclear; however, one hypothesis implicates increased secretion of mucin and cal-
cium from the gallbladder as contributing factors to the formation of gallstones.®*
Patients with a history of low-caloric dieting and extreme fluctuations in weight are
also at risk for stone formation. Weight reduction leads to mobilization of hepatic stores
of cholesterol. In combination with decreased gallbladder emptying and reduced
bile acid synthesis, supersaturation of bile and rapid stone formation takes place.

Dyslipidemia Cholesterol gallstone formation is a metabolic issue that is correlated
with lipid abnormalities. Hypertriglyceridemia and low high-density lipoprotein con-
centration are associated with increased cholesterol saturation of bile and increased
risk for cholesterol stone formation.®4-5¢ Both of these dyslipidemias have been shown
to be independent risk factors for cholelithiasis. Hypercholesterolemia is not strongly
associated with cholesterol stone disease.

Drugs Certain drugs interfere with cholesterol and bile acid synthesis. Clofibrate, used
to treat hypertriglyceridemia, is an inhibitor of hepatic acyl coenzyme A: cholesterol
acyltransferase (ACAT). The inhibition of ACAT increases the concentration of free
cholesterol in bile, thus, lowering the threshold for gallstone formation. Statins, also
used in patients with dyslipidemia, inhibit HMG-CoA reductase, decreasing choles-
terol synthesis in the liver. Statins seemingly protect against gallstone formation by
decreasing the amount of cholesterol in the bile.%” Ceftriaxone, a third-generation
cephalosporin, is secreted unmetabolized into bile. Especially in children, ceftriaxone
leads to sludge and pseudolithiasis, which spontaneously resolves on discontinuation
of the antibiotic. Octreotide, used clinically for its global gastrointestinal inhibitory
properties, also inhibits contraction of the gallbladder resulting in stasis. The inhibition
of CCK by octreotide leads to decreased small bowel motility and enhancement of
secondary bile acid formation. An increased ratio of secondary bile acids results in
enhanced cholesterol secretion and gallbladder mucin production. Lastly, octreotide
stimulates calcium release into bile, creating a more lithogenic environment.

Diabetes mellitus Diabetes mellitus (DM) has frequently been associated with chole-
lithiasis, although the relationship has not been fully delineated. There is evidence that
bile acid composition and size of the pool are altered in humans with type 1 and type 2
DM.58%9 |n large series of patients with diabetes, gallstone disease is significantly
higher than observed in the general population. Independent risk factors for gallstone
formation in patients with diabetes include advancing age, higher body mass index,
and positive family history.

On a molecular level, bile acids regulate gluconeogenesis, glycogen synthesis, and
insulin sensitivity via FXR gene expression. CYP7A1 is negatively regulated by FXR.
With the dysregulation of FXR expression as is seen in patients with diabetes,
CYP7AT1 activity is increased and the size of the bile acid pool increases. Additionally,
evidence suggests glucose and insulin are involved in the modulation of bile acid syn-
thesis. Glucose has been shown to enhance FXR gene expression, whereas insulin
represses FXR gene expression.”®

Pigment stones
Pigment stones account for 20% of all gallstones. This group consists of brown and
black pigment stones.

Brown stones Brown pigment gallstones are associated with biliary dysmotility and
bacterial infection of the bile. They are composed of calcium bilirubinate, fatty acid
soaps (calcium palmitate and calcium stearate), cholesterol, and mucinous
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glycoproteins (products of bacterial biofilms). The most common risk factor is bile duct
stasis, which is encountered in the following disease states: sclerosing cholangitis,
congenital cysts, strictures, chronic pancreatitis, and duodenal diverticula. Unlike
cholesterol stones, brown pigment stones are mostly identified as primary ductal
stones, with patients suffering from choledocholithiasis and hepatolithiasis.*'

Brown pigment stones also result from bacterial infections and biliary parasites.
East Asians traditionally have higher rates of brown pigment stones secondary to
recurrent pyogenic cholangitis, also known as Oriental cholangiohepatitis, character-
ized by biliary obstruction with recurrent cholangitis. The bacteria produce a film con-
taining glucuronidase, which hydrolyses conjugated bilirubin to free bilirubin. Free
bilirubin then precipitates when mixed with calcium. Recently there has been an in-
crease in cholesterol stones in East Asia, likely attributable to improved hygiene
with reduced biliary infections and consumption of a westernized diet.

Black stones Black pigment stones account for 2% of all gallstones and are associ-
ated with chronic liver disease and hemolytic conditions.”’ These stones develop
exclusively in the gallbladder and consist of calcium bilirubinate with mucin glycopro-
teins. The prevalence of gallstones in patients with chronic liver disease is near 30%."2
Cholelithiasis associated with liver disease is secondary to altered pigment secretion,
abnormal gallbladder motility, and increased estrogen levels.? Sickle cell disease re-
sults in excessive unconjugated bilirubin excretion, which precipitates with calcium.
Prophylactic cholecystectomy may be considered in this patient population because
differentiating the cause of abdominal pain in this group can be difficult. Although
infrequent, black pigment stones are also identified in children born prematurely
and those that require TPN.*!

Complications of Cholelithiasis

Most gallstones remain clinically silent, with a risk of progression of 2% to 3% per
year, including 1% to 2% of patients who develop major complications.*>”® Within
5 years of diagnosis, 10% of patients with gallstones will become symptomatic, which
increases to 20% at 20 years.*® The longer gallstones remain silent, the less likely pa-
tients are to develop symptoms. At one end of the disease spectrum is biliary colic, of
which 10% to 20% of patients will go on to develop cholecystitis. At the other end of
the spectrum is cholangitis, which occurs with biliary obstruction and bactibilia. Bile is
normally sterile, but bacteria can reflux from the duodenum into the biliary system,
enter the hepatic veins and perihepatic lymphatics causing systemic bacteremia.
Other disease processes secondary to gallstone complications include choledocholi-
thiasis, gallstone pancreatitis, and gallstone ileus.

Gallstone disease is a known risk factor for gallbladder carcinoma, with a relative
risk of 4.9.”* Most people with gallbladder cancer have gallstones, suggesting stones
may function as a cofactor in the development of cancer. One hypothesis is that the
presence of gallstones creates chronic inflammation of the mucosa, which over
time leads to dysplasia. Increased risk of gallbladder carcinoma is associated with
stones larger than 3 cm, and increased number, volume, and weight of the stones.”
Patients with stones greater than 3 cm should be considered for a prophylactic cho-
lecystectomy because the risk of cancer is 4% over 20 years.

Disease States Causing Altered Bile Acid Metabolism

Crohn’s disease with ileocecal involvement or surgical resection of the terminal ileum
leads to diminished ileal reabsorption of bile acids. This diminished reabsorption
allows more bile acids to escape to the colon, where they solubilize unconjugated
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bilirubin, facilitating passive absorption and transport back to the liver. The liver then
secretes excess pigment (bilirubin) into the bile, leading to a higher proportion of black
pigment stones in patients with Crohn’s disease. Reduced hepatic secretion of bile
acids, supersaturation with cholesterol, and increased enterohepatic cycling of bile
pigment results in gallstone formation in 13% to 34% of all patients with Crohn’s dis-
ease. The prevalence of gallstones is lower in patients with colonic Crohn’s disease
and is highest in patients with terminal ileal disease.”®"8

Patients with cystic fibrosis (CF) are known to have excessive loss of bile acids
through fecal excretion. The mechanism by which mutations in CF transmembrane
conductase regulator (CFTR) affect EHC have not been fully delineated. Dysfunction
of CFTR in the apical plasma membranes of cholangiocytes impairs chloride/bicar-
bonate exchange, thus, altering the composition of bile. Studies in CF mice have
demonstrated significantly decreased pH in the ileum, leading to increased loss of
bile salts in the feces. This increased loss, in turn, results in hyperbilirubinbilia
(elevated secretion of conjugated bilirubin into bile) and increased proportion of hydro-
phobic bile acids. Additionally these mice had higher concentrations of biliary choles-
terol, although the gallstones that form are considered more of a black pigment stone.
The overall prevalence of gallstones in patients with CF is between 10% and 30%.7°

Individuals with spinal cord injury (SCI) have an increased risk of developing gall-
stone disease, with a prevalence of 30%.%°8" The gallbladder receives sympathetic
innervation via the splanchnic nerves originating from T7-T10, which allow relaxation
of the gallbladder smooth muscle. Interruption of this pathway, especially in high SCI,
is thought to cause gallbladder dysfunction. In addition, patients with SCI also
frequently have neurogenic bowel resulting in slow intestinal transit times, which
results in an increase in the formation of secondary bile acids, thus, promoting the
formation of gallstones.

SUMMARY

Cholelithiasis is a disease process affecting a significant number of American adults,
accounting for a considerable burden on the health care system. The development of
gallstones is largely multifactorial, consisting of both modifiable and nonmodifiable
risk factors. There have been major advances in uncovering the molecular basis of
bile metabolism and lithogenesis in recent years; however, because of the complexity
of the pathways involved, investigations are ongoing. Understanding the pathogenesis
of gallstone formation will direct the development of targeted therapies for the preven-
tion and treatment of this disease.
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