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Abstract

Cholesterol cholelithiasis is a multifactorial disease influenced by a complex interaction of genetic
and environmental factors, and represents a failure of biliary cholesterol homeostasis in which the
physical-chemical balance of cholesterol solubility in bile is disturbed. The primary
pathophysiologic event is persistent hepatic hypersecretion of biliary cholesterol, which has both
hepatic and small intestinal components. The majority of the environmental factors are probably
related to Western-type dietary habits, including excess cholesterol consumption. Laparoscopic
cholecystectomy, one of the most commonly performed surgical procedures in the US, is
nowadays a major treatment for gallstones. However, it is invasive and can cause surgical
complications, and not all patients with symptomatic gallstones are candidates for surgery. The
hydrophilic bile acid, ursodeoxycholic acid (UDCA) has been employed as first-line
pharmacological therapy in a subgroup of symptomatic patients with small, radiolucent cholesterol
gallstones. Long-term administration of UDCA can promote the dissolution of cholesterol
gallstones. However, the optimal use of UDCA is not always achieved in clinical practice because
of failure to titrate the dose adequately. Therefore, the development of novel, effective, and
noninvasive therapies is crucial for reducing the costs of health care associated with gallstones. In
this review, we summarize recent progress in investigating the inhibitory effects of ezetimibe and
statins on intestinal absorption and hepatic biosynthesis of cholesterol, respectively, for the
treatment of gallstones, as well as in elucidating their molecular mechanisms by which
combination therapy could prevent this very common liver disease worldwide.
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Introduction

Cholesterol homeostasis is mainly maintained by balancing endogenous cholesterol
biosynthesis and intestinal cholesterol absorption with excretion of biliary cholesterol and its
metabolic products—bile acids [1]. In the normal physiological state, both cholesterol
biosynthesis within the body and cholesterol excretion from the body via bile are precisely
regulated to accommodate the varying amounts of cholesterol that are absorbed by the
intestine at different times. Consequently, sufficient cholesterol is always available to meet
the metabolic needs of the various tissues and there is little net accumulation of cholesterol
in the body. However, under certain pathophysiological conditions, minor imbalances
increase plasma cholesterol concentration and/or induce hepatic hypersecretion of biliary
cholesterol. As a result, excess cholesterol causes atherosclerosis and cholesterol
cholelithiasis. Indeed, some patients with hyperlipidemia, notably type 1V, have increased
cholelithiasis [2].

Hypercholesterolemia is an important risk factor for atherosclerosis, which has been the
commonest cause of death in the US and other developed countries. After the first statin
(lovastatin), a 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibitor, was made
available in 1987, statins have led to a substantial reduction in virtually all clinical
manifestations of cardiovascular diseases and have prolonged the lives of millions of
patients. In the late 1990s, a highly potent and selective cholesterol absorption inhibitor
(ezetimibe) was discovered [3-6]. Co-administration of statins and ezetimibe enabled more
patients to achieve the target LDL cholesterol levels recommended by the US National
Cholesterol Education Program Adult Treatment Panel 111 [7-12]. Since excess cholesterol
in serum and bile plays a crucial role in atherosclerosis and cholelithiasis, respectively, it is
important to explore whether cholesterol gallstones could be prevented by combination
therapy of statins and ezetimibe.

Cholesterol cholelithiasis is one of the most prevalent digestive diseases, leading to
considerable financial and social burdens [13]. Presently, the commonest treatment for
gallbladder gallstones is laparoscopic cholecystectomy, which is also one of the most
commonly performed surgical procedures worldwide due to the overall high prevalence of
gallstones. However, cholecystectomy is invasive and can cause surgical complications in
terms of morbidity and mortality, and not all patients with symptomatic gallstones are
candidates for surgery. Therefore, the development of novel, effective and noninvasive
therapies will help reduce the costs of health care associated with gallstones. In this review,
we will summarize recent progress in investigating the inhibitory effects of ezetimibe and
statins on the treatment of cholesterol gallstones, as well as in elucidating their molecular
mechanisms for preventing this very common liver disease in the US.

The pathogenesis of the formation of cholesterol gallstones

During the past 50 years, many human and animal studies have found that hepatic
hypersecretion of biliary cholesterol is the primary pathophysiologic defect leading to
cholesterol gallstone formation. This could be induced by multiple Lith genes, with insulin
resistance as part of the metabolic syndrome working with cholelithogenic environmental
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factors to cause the phenotype [14-16]. As shown in Figure 1, five defects play important
roles in cholesterol crystallization in bile and eventually in the formation of cholesterol
gallstones [17]: (i) genetic factors and Lith genes; (ii) unphysiological supersaturation with
cholesterol due to hepatic hypersecretion of biliary lipids and relative cholesterol
hypersecretion may or may not be accompanied by normal, high, or low secretion rates of
biliary bile acids or phospholipids; (iii) accelerated phase transitions of cholesterol; (iv)
dysfunctional gallbladder motility accompanied with hypersecretion of mucins and
accumulation of mucin gel in the gallbladder lumen, as well as immune-mediated
gallbladder inflammation; and (v) increased amounts of cholesterol of intestinal origin due
to high efficiency of cholesterol absorption and/or slow intestinal matility which aids
“hydrophobe” absorption and augments “secondary” bile acid synthesis by the anaerobic
microflora [16—-18]. More recently, a large case-control study [19] has found that abnormal
metabolic traits including increased hepatic biosynthesis and fecal excretion of cholesterol
could precede cholesterol gallstone formation, which may be key features of some ethnic
groups at high risk of gallstones. This important study strongly suggests that inhibiting both
hepatic synthesis and intestinal absorption of cholesterol to reduce its biliary output may be
envisioned for genetically defined subgroups of individuals at a high risk for gallstones [20].

Major sources of cholesterol for biliary secretion: the intestine, liver, and

circulating lipoproteins

The small intestine is a unique organ providing both dietary and reabsorbed biliary
cholesterol to the body [21]. The liver is a major organ for cholesterol synthesis and
catabolism, a principal site of lipoprotein synthesis and metabolism, and the only excretory
route for cholesterol from the body [1]. Furthermore, the dietary cholesterol that is absorbed
daily through the small intestine provides the first major source for sterol in the body pool.
The de novo cholesterol biosynthesis by the liver is the second major source contributing to
the cholesterol pool in the body. Obviously, in a person consuming no dietary cholesterol,
biliary cholesterol would be derived mainly from de novo synthesis. However, the biliary
cholesterol reabsorbed by the small intestine is still delivered to the liver via
enterolymphatic circulation for re-secretion into bile. In the past, the contribution of
intestinally reabsorbed cholesterol to hepatic secretion was ignored. Increased biliary
cholesterol secretion could result from increases in (i) intestinal absorption, (ii) hepatic
biosynthesis, and (iii) hepatic uptake of HDL and LDL from plasma, as well as decreases in
(iv) the conversion of cholesterol into bile acids, and (v) the esterification of cholesterol [1].
However, the contribution of each of these sources to hepatic secretion of biliary cholesterol
is not yet fully known, especially in the lithogenic state. Moreover, any alterations in these
factors may influence cholesterol saturation of bile. Although HDL cholesterol is a principal
source of biliary cholesterol in the basal state [22-28], chylomicron remnant cholesterol
appears to be a major contributor to biliary cholesterol hypersecretion during diet-induced
gallstones in animal models [16]. Furthermore, hepatic cholesteryl ester stores are less
involved in biliary cholesterol secretion. Thus, hepatic cholesterol from three identified
sources can be utilized for biliary secretion: plasma lipoproteins, newly synthesized
cholesterol, and intestinal absorption (Figure 2).
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Human studies and in situ perfused rat liver experiments have found that plasma HDL rather
than other lipoproteins such as VLDL and LDL preferentially provides unesterified
cholesterol to the liver for secretion into bile [22-28]. HDL is crucial to “‘reverse cholesterol
transport’” because it promotes cholesterol transport from peripheral tissues to the liver
where the unesterified cholesterol in HDL is secreted predominantly into bile [22]. The
HDL receptor, scavenger receptor class B type | (SR-BI) plays a pivotal role in unloading
HDL cholesterol to hepatocytes because it recognizes apolipoprotein (APQO)-Al of HDL.
Hepatic overexpression of SR-BI in transgenic mice lowered plasma HDL cholesterol and
promoted rapid clearance of plasma HDL cholesterol with its appearance in bile [29, 30]. In
contrast, clearance of HDL cholesterol and its biliary secretion were impaired in SR-BI
knockout mice [31]. Yet, despite the importance of SR-BI on regulating plasma HDL and
biliary cholesterol concentrations in the basal state, whether SR-BI influences gallstone
formation under high dietary cholesterol loads was further investigated in SR-BI ““att’” mice
having the partial (~50%) disruption of SR-BI expression. Secretion rate of biliary
cholesterol, but not phospholipid and bile acids was significantly reduced by ~37% in chow-
fed SR-BI att mice [32]. Consonant with this, cholesterol concentrations and cholesterol
saturation index (CSI) were decreased markedly in gallbladder bile. However, feeding a
lithogenic diet significantly increased biliary cholesterol secretion and induced gallstone
formation, which are comparable between SR-BI att and control mice. These observations
show that although HDL cholesterol is a principal source of biliary cholesterol in the basal
state, hepatic uptake of cholesterol from chylomicron remnants is the major contributor to
biliary cholesterol hypersecretion during diet-induced cholelithogenesis in mice. However,
whether hepatic SR-BI may play a role in determining the relative risk for gallstone
formation still needs to be investigated in individuals at a high risk for gallstones.

Because metabolism of chylomicrons (i.e., lipoproteins of intestinal origin) is so rapid, it is
not easy to measure alterations in this pathway. However, a series of careful studies haves
been performed to investigate chylomicron remnant metabolism and its role in biliary lipid
secretion, underscoring the importance of chylomicron remnant cholesterol in murine
cholelithogenesis [33-39]. Compared to resistant AKR mice, gallstone-susceptible C57L
mice exhibited rapider removal of radiolabeled-cholesterol in chylomicron remnants from
plasma, and by 12 hours, twofold higher radioactivities appeared in the bile [34]. These
results are consistent with the findings that C57L mice are characterized by significantly
higher biliary cholesterol secretion and gallstone prevalence compared to AKR mice, mostly
attributed to the effect of Lith genes [40]. Furthermore, radiolabeled-cholesterol in
chylomicrons was removed rapidly from plasma and the radioactivity appeared in bile
within 15 minutes in rats [38]. Approximately 13% of the injected radioactive dose was
secreted into bile in the first 3 hours after injection and 25% of the radioactivity was present
as unesterified cholesterol. These studies indicate that the liver is very efficient at secreting
lipoprotein cholesterol of intestinal origin into bile. Therefore, high dietary cholesterol
distributed through the chylomicron pathway could provide an important source of excess
cholesterol for inducing supersaturation of bile with cholesterol.

In the basal steady state, the contribution of de novo synthesis to biliary cholesterol secretion
is approximately 15% in experimental animals and in humans [41-46]. However, in the
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lithogenic state, this pathway could provide the liver with more cholesterol for biliary
secretion. The most consistent evidence is that bile is desaturated with cholesterol after long-
term administration of statins [47-53].

The cholesterol synthesis rates in humans and animal models have been investigated by two
methods [54-58]: (i) sterol balance analysis and (ii) measurement of the incorporation of
[3H]water into sterols. By measuring sterol balance across the body, the rate of whole body
cholesterol synthesis was found to be approximately 8-10 mg/day/kg body weight in
humans [59]. Although the synthesis of cholesterol occurs in virtually all cells, the capacity
is predominant in the liver, intestine, adrenal cortex, and reproductive tissues. Hepatic
cholesterol synthesis contributes less than one-third of the cholesterol synthesized in the
body each day; approximately 30% occurs in hamsters, and 20% in rabbits and guinea pigs
[59]. In humans, the liver contributes approximately 10-15% of the newly synthesized
cholesterol to the body [59]. Of note, when the amount of cholesterol in the diet is increased,
these values are proportionately reduced because cholesterol synthesis is suppressed by the
negative feedback regulatory mechanism in the liver. Furthermore, the liver responds to an
increased amount of dietary cholesterol by (i) enhancing secretion of cholesterol into bile;
(ii) converting cholesterol into bile acids, followed by their secretion into bile; (iii) down-
regulating cholesterol biosynthesis; (iv) increasing cholesterol esterification and storage; and
(v) enhancing lipoprotein secretion into the circulation [1]. Lammert and colleagues have
found that on a lithogenic diet, C57L mice still display higher HMG-CoA reductase activity
together with lower activity of both bile acid synthetic enzymes cholesterol 7a-hydroxylase
and sterol 27-hydroxylase compared to AKR mice [60]. Moreover, higher HMG-CoA
reductase activity has been found in gallstone patients compared with control subjects [61—
66]. These studies highlight the importance of de novo synthesis to biliary cholesterol
secretion, and its role in the formation of lithogenic bile in most cholelithogenic patients.

The importance of cholesterol of intestinal origin on the formation of

supersaturated bile

Epidemiological studies have found that cholesterol gallstones are prevalent in cultures
consuming a Western diet and the incidence of cholesterol gallstones in North and South
American as well as European countries is higher than that in the developing nations [67—
69]. Before the 1960s, cholesterol gallstones were rare in China, but over the past 50 years
with a “westernization” of the traditional Chinese diet, the incidence has increased markedly
[70-73]. Also, in Japan, several studies have found an association between the increasing
incidence of cholesterol gallstones and the adoption of Western eating habits that include
excessive consumption of high cholesterol food [74-76].

Biliary cholesterol secretion and saturation could be reduced by inhibiting intestinal
cholesterol absorption, hepatic uptake of chylomicron remnants, or both. Direct evidence for
the role of intestinal factors in murine cholelithogenesis came from an important study by
Buhman and colleagues [33]. They found that the deficiency of cholesteryl ester synthesis in
the intestine of ACAT2 knockout mice led to a marked reduction in intestinal cholesterol
absorption and complete resistance to diet-induced gallstones. Furthermore, the absence of
expression of intestinal APO-B48, but not hepatic APO-B100, significantly reduces biliary
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cholesterol secretion and cholelithogenesis by decreasing intestinal absorption and hepatic
bioavailability [77]. These results imply that these mice fail to deliver cholesterol of
intestinal origin to the liver for secretion into bile. Moreover, reduced biliary cholesterol
secretion and gallstone prevalence in lithogenic diet-fed APO-E knockout mice may be
explained by decreased availability of chylomicron-derived cholesterol to the liver for
biliary cholesterol secretion [39]. Therefore, cholesterol derived from the intestine via the
chylomicron pathway influences biliary cholesterol secretion, and high dietary cholesterol
enhances cholelithogenesis through this pathway.

However, studies on the effect of dietary cholesterol on biliary cholesterol metabolism in
healthy humans yielded conflicting results, showing that high dietary cholesterol either
increases or does not affect cholesterol saturation of bile. DenBesten and coworkers found
that incrementing dietary cholesterol intake from 0, 100, 750, 1,000, to 2,000 mg per day
markedly augmented the cholesterol content of bile [78]. Furthermore, they fed 10 healthy,
normolipidemic men a eucaloric, cholesterol-free, liquid formula for 3 weeks. Cholesterol
(750 mg daily) in the form of egg yolk then was consumed for another 3 weeks.
Consequently, four subjects developed lithogenic bile and three formed cholesterol
monohydrate crystals. Dam and colleagues investigated 9 healthy women before and 3 to 6
weeks after addition of egg yolk (1,000 or 2,000 mg cholesterol daily) to solid diets and
found no increase in biliary cholesterol saturation [79]. Andersen and Hellstrom also found
that there were no changes in biliary cholesterol saturation in 6 normolipidemic women and
6 hyperlipidemic patients without gallstones when dietary cholesterol was increased from
300 mg to 1,500 mg daily [80]. However, Lee et al. performed a careful investigation on the
effect of high dietary cholesterol on biliary cholesterol saturation in 12 patients with
asymptomatic gallstones (six men and six women) compared with 7 healthy women
assigned diets containing 500, 750, and 1,000 mg of cholesterol daily for 3-week periods in
random sequence [81]. They found an increase in biliary cholesterol saturation with modest
increments in dietary cholesterol, regardless of whether or not these subjects had gallstones.
Furthermore, women with gallstones had higher biliary cholesterol saturation than normal
women at corresponding levels of cholesterol consumption, and six of the seven normal
women formed lithogenic bile when ingesting a diet containing 1,000 mg of cholesterol.
These discrepant results may be explained partly by differences in the populations, the
specific diets used in different studies, and variations in absorption efficiency of intestinal
cholesterol. Nevertheless, most clinical studies reveal that high dietary cholesterol is
responsible for inducing cholesterol-supersaturated bile, which is consistent with
epidemiological investigations showing that high dietary cholesterol is an important risk
factor for gallstone formation.

Despite many putative sterol transporters influencing cholesterol absorption and physical-
chemical factors affecting dietary cholesterol absorption have been extensively investigated,
the importance of biliary cholesterol on the regulation of intestinal cholesterol absorption
was recognized only recently [82]. Dietary and biliary cholesterol are the two major sources
for intestinal absorption, which account for approximately 1/3 and 2/3, respectively.
Physical-chemical studies of biliary lipids have found that in bile, cholesterol is solubilized
as a mixture of vesicles, mixed micelles, simple micelles, and monomers, all in a dynamic
equilibrium [83]. Because the physical forms of biliary cholesterol are different from those
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of dietary cholesterol, there could be two distinct fates of intestinal absorption of cholesterol
from dietary and biliary sources [82]. In the lithogenic state, phase transitions take place
from the liquid state to solid crystal formation and cholesterol monohydrate crystals often
precipitate from bile [83]. Clinical investigations have found that solid cholesterol crystals
are frequently detected in duodenal bile of healthy subjects [84-86]. Moreover, when obese
subjects lose weight, cholesterol crystals are often discharged into the duodenum [87, 88].
Patients with cholesterol gallstones (15-20% of the general population) also frequently
present with crystals in duodenal bile [89]. It is well known that micellization is one of the
most important factors in enhancing the efficiency of intestinal cholesterol absorption [21].
However, these solid cholesterol crystals are less efficiently solubilized in the mixed
micelles within the intestinal lumen. The unabsorbed cholesterol excreted in the feces is
dramatically higher in mice infused with crystallized bile compared with supersaturated bile,
indicating that solid crystalline cholesterol in bile is not absorbable [82].

In unsaturated bile, almost all cholesterol in bile is carried in the micellar phase. In
supersaturated bile, excess cholesterol not dissolved in the micellar phase can be largely
carried by vesicles and liquid crystals. This liquid crystalline phase provides an accessible
source of cholesterol for continuous formation of mixed micelles in the presence of bile
acids. These micelles function as a concentrated reservoir and transport vehicle for
cholesterol across the unstirred water layer toward the brush border membrane of the
enterocyte to facilitate uptake of monomeric cholesterol and subsequently its absorption by
the enterocyte [21]. Therefore, the reabsorbed biliary cholesterol could greatly contribute
hepatic bioavailability and enhance biliary cholesterol secretion. However, its importance on
cholelithogenesis needs to be further investigated.

The efficiency of intestinal cholesterol absorption correlates positively and significantly
with the prevalence of cholesterol gallstones in inbred strains of mice, and C57L mice
display significantly higher cholesterol absorption efficiency than AKR mice [34]. However,
it appears that the extent of intestinal cholesterol absorption is lower in gallstone patients
compared with control subjects [90]. One possible explanation is that gallstone patients
often secrete cholesterol-supersaturated bile that contains abundant solid cholesterol
crystals. However, as discussed above, solid crystalline cholesterol cannot be absorbed by
enterocytes and is excreted in feces, which leads to a significant reduction in the intestinal
absorption of biliary cholesterol, as well as a much lower absorption efficiency of intestinal
cholesterol in gallstone patients compared with control subjects. Nevertheless, animal
studies have provided clear evidence that high dietary cholesterol and high efficiency of
intestinal cholesterol absorption are two independent risk factors for gallstone formation
[34].

Prevention and dissolution of cholesterol gallstones by ezetimibe

Cholesterol absorption is a multistep process that is regulated by multiple genes at the
enterocyte level, and the efficiency of cholesterol absorption is determined by the net effect
between influx and efflux of intraluminal cholesterol molecules crossing the brush border
membrane of the enterocyte [21]. Therefore, the factors regulating intestinal membrane lipid
transporters, lipid regulatory enzymes, intracellular lipid transporters, and lipid regulatory
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transcription factors could influence the amount of cholesterol of intestinal origin
contributing to the liver for biliary secretion. Despite significant restrictions in dietary
intake, a reduction of dietary cholesterol frequently does not decrease bile cholesterol levels
appreciably. This is due in part to the continued presence of large amounts of biliary
cholesterol in the intestine for its re-absorption, which constitutes two thirds of the total
daily amount of cholesterol that is available for intestinal absorption. Therefore,
pharmacological inhibition of cholesterol absorption is potentially an effective way of
lowering bile cholesterol levels (Figure 3).

Because the detergent nature of bile acids is obligatory for intestinal cholesterol absorption
through micellar solubilization of intraluminal sterols [91], the bile acid sequestrants
suppress cholesterol absorption, possibly via interruption of the enterohepatic circulation of
bile acids [92-94]. Specific lipase inhibitors such as orlistat may also reduce cholesterol
absorption by blocking the degradative process [95], which results in a decreased solubility
of cholesterol during the critical stage of intestinal diffusion. Intestinal ACAT inhibitors [96]
and cholesterol ester transfer protein inhibitors [97] are currently being evaluated in clinical
trials, and the potential to alter ATP-binding cassette (ABC) transporter activity in the
intestine is also being investigated. Because ezetimibe has been shown to markedly reduce
bile cholesterol levels in gallstone patients [98], it will be the focus of the following
sections.

Ezetimibe is a highly selective intestinal cholesterol absorption inhibitor by suppressing the
uptake of dietary and biliary cholesterol across the brush border membrane of the enterocyte
through the NPC1L1 pathway, possibly a transporter-facilitated mechanism (Figure 4) [4].
The high potency of this compound is evidenced by a 50% inhibition at dose of ranging
from 0.0005 to 0.05 mg/kg in a series of different animal models [99-103]. Ezetimibe,
administered either as monotherapy or in combination with statins, has been shown to be a
safe and efficacious treatment for hypercholesterolemia, potentially enabling more patients
to reach recommended LDL cholesterol goals. Therefore, the discovery and development of
ezetimibe opens a new door to the treatment of not only hypercholesterolemia, but also
cholesterol gallstones.

Because ezetimibe induces a significant dose-dependent reduction in intestinal cholesterol
absorption efficiency [98, 103-105], this should diminish the cholesterol content of liver and
the bioavailability of cholesterol for biliary secretion. Indeed, the inhibitory effect of
ezetimibe was coupled with a significant dose-dependent decrease in biliary cholesterol
output [98]. In addition, cholesterol-supersaturated bile facilitated gallbladder absorption of
cholesterol and promoted the accumulation of excess cholesterol in the gallbladder wall.
Because gallbladder absorptive cells apparently cannot assemble lipoproteins for lipid
transport into plasma, a large amount of the absorbed cholesterol is converted to cholesteryl
esters and stored in the mucosa and lamina propria. These changes diminish gallbladder
contractility and impair gallbladder emptying because excess cholesterol in smooth muscle
cells could stiffen sarcolemmal membranes and decouple the G-protein-mediated signal
transduction that usually ensues when CCK binds to its receptor. Moreover, gallbladder
stasis provides time for nucleation of cholesterol crystals and their aggregation into
macroscopic stones, which is a frequent and distinctive feature in gallstone patients [106].

Eur J Clin Invest. Author manuscript; available in PMC 2014 April 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 9

Because ezetimibe reduces biliary cholesterol content in bile, the lithogenic effects of
cholesterol-supersaturated bile on gallbladder motility function can be deterred [98, 107]. As
a result, cholesterol gallstones were prevented by ezetimibe in gallstone-susceptible C57L
mice fed a lithogenic diet for 8 weeks [98]. Furthermore, after 30 days of treatment,
ezetimibe at 20 mg/day significantly reduced cholesterol concentrations and CSI values of
gallbladder bile in patients with gallstones [98]. Because cholesterol crystallization was
retarded by ezetimibe, the detection time of cholesterol monohydrate crystals was
significantly delayed [98].

Of note, the NPC1L1 gene is expressed in the liver of humans, but not in the liver of mice.
Temel et al. have found that biliary cholesterol concentrations are increased markedly in
mice transgenic for a human NPC1L1 gene [108]. These studies suggest that ezetimibe may
rescue biliary cholesterol secretion and increase CSI values of bile by inhibiting the
expression of hepatic NPC1L1. How could this explain the results of the above-mentioned
human studies? Based on the molecular mechanism on the regulation of hepatic lipid
secretion, the secretion efficiency of biliary cholesterol is most likely determined by the net
effect between efflux and influx of cholesterol molecules across the canalicular membrane
of the hepatocyte, which could be regulated by the ABCG5/G8-dependent and -independent
pathways, as well as the NPC1L1 pathway. One possible explanation is that because biliary
cholesterol secretion is a unique path for excretion of cholesterol from the body [1], hepatic
ABCG5/G8 has a stronger effect on promoting biliary cholesterol secretion compared with
hepatic NPC1L1 that absorbs bile cholesterol back into hepatocytes. Moreover, in the gut-
liver axis, intestinal NPC1L1 plays a crucial role in providing dietary and reabsorbed biliary
cholesterol to the body and inhibiting its function by ezetimibe can significantly reduce
cholesterol absorption. Thus, the bioavailability of cholesterol from intestinal sources for
biliary secretion is reduced dramatically. In contrast, the inhibition of the hepatic NPC1L1
by ezetimibe might produce a relatively weak effect on the regulation of biliary cholesterol
secretion. Interestingly, like humans, hamsters also express NPC1L1 in the liver, and the
profile of NPC1L1 expression in the liver and small intestine is similar between hamsters
and humans, with expression levels of NPC1L1 being significantly higher in the small
intestine than in the liver. Under ezetimibe treatment, hepatic secretion of biliary cholesterol
is significantly reduced in hamsters fed a high cholesterol diet [104]. These findings confirm
the inhibitory effect of ezetimibe on biliary cholesterol secretion in gallstone patients.

After binding to cholesterol, Niemann-Pick C2 protein (NPC2) is involved in intracellular
cholesterol trafficking, allowing the exit of lysosomal cholesterol obtained via the
lipoprotein endocytic pathway. Thus, this protein may play a crucial role in regulating
hepatic cholesterol transport and secretion. Under conditions of feeding the lithogenic diet,
biliary cholesterol secretion, gallbladder bile cholesterol saturation, and cholesterol crystal
and gallstone formation were reduced in NPC2 hypomorph mice compared with wild-type
mice [109].

The natural trihydroxy hydrophilic bile acid of rodents, p-muricholic acid can prevent diet-
induced cholesterol gallstones and promote the dissolution of cholesterol gallstones in mice
[110]. Moreover, B-muricholic acid and UDCA favor the formation of vesicles in bile so
that the growth of liquid crystals on the cholesterol monohydrate surface and their
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subsequent dispersion might occur during gallstone dissolution. Liquid crystalline

dissolution allows the transport of a great amount of cholesterol from stones. In contrast, the
cholelitholytic mechanism of ezetimibe is different from that of hydrophilic bile acids.
During ezetimibe treatment, the relative lipid composition of pooled gallbladder bile is
progressively shifted down and to the left of the phase diagram and finally enters the
favorable one-phase micellar zone [98]. As found by physical-chemical analysis of bile, the
micellar zone contains abundant unsaturated micelles, but never solid cholesterol crystals or
liquid crystals [16]. As a result, the micellar cholesterol solubility is dramatically increased
in gallbladder bile, and the cholesterol molecules could be transferred from the cholesterol
monohydrate surface into unsaturated micelles so that gallstones become smaller and are
eventually dissolved. Thus, ezetimibe and hydrophilic bile acids promote gallstone
dissolution by two distinct mechanisms: the formation of an unsaturated micelle and a liquid
crystalline mesophase [98, 110].

The inhibitory effect of statins on hepatic de novo synthesis and the

formation of lithogenic bile in animal models

Statins are effective in the treatment of hypercholesterolemia by competitively inhibiting
HMG-CoA reductase, the rate-limiting enzyme for cholesterol synthesis (Figure 5). These
drugs are orally absorbed, extracted on first pass through the liver, where they exert their
primary effects, and are eliminated almost exclusively via biliary excretion. In clinical trials
using both healthy volunteers and patients with hypercholesterolemia, long-term
administration of statins leads to a significant reduction in serum total and LDL cholesterol
and triglyceride concentrations. In addition, there is emerging evidence that statins can
reduce biliary cholesterol concentrations and CSI values not only in animals, but also in
healthy volunteers [111] and hypercholesterolemic patients [112]. Because statins produce
conflicting results by increasing HMG-CoA reductase activity, as well as plasma and bile
cholesterol levels in rodents such as rats and mice in comparison with humans [113], the
prairie dog has been selected as a model for studying the inhibitory effect of statins on
biliary cholesterol secretion and gallstone formation. Prairie dogs display similar biliary
lipid composition and bile acid profiles compared to humans. They develop cholesterol
gallstones after 3—4 weeks on a high (1.2%) cholesterol diet [114-118]. However, each
statin displays different inhibitory effects on the formation of cholesterol gallstones in
prairie dogs.

After 3 weeks on a high cholesterol diet, all (100%) prairie dogs formed solid cholesterol
crystals and 83% animals formed gallstones [119]. In contrast, no gallstones were detected
in prairie dogs treated with lovastatin (8 mg/kg, twice per day). Also, lovastatin markedly
reduced cholesterol, but not phospholipid and bile acid concentrations in hepatic bile.
Moreover, lovastatin induced a reduction of 20% to 30% in plasma total and LDL
cholesterol and triglyceride concentrations in cholesterol-fed prairie dogs compared with
control animals receiving no drug. These results indicate that lovastatin can prevent diet-
induced cholesterol gallstones in prairie dogs.

To investigate whether lovastatin alone or combination therapy of lovastatin and UDCA
could promote the dissolution of cholesterol gallstones, prairie dogs were first induced
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gallstone formation by feeding a high cholesterol diet for 5 weeks [120]. Subsequently, these
animals were fed a chow diet supplemented with lovastatin (3.3 mg/g diet), UDCA (10 mg/g
diet), or both for 10 weeks. Lovastatin treatment led to complete dissolution of gallstones in
68% animals. In contrast, combination therapy of lovastatin and UDCA failed to improve
the dissolution of gallstones, with a 12.5% success rate, although UDCA alone induced
complete dissolution of gallstones in 33% animals. To further study the effect of statins on
gallstone dissolution in prairie dogs that have formed gallstones, these animals were fed
lovastatin at 8 mg, UDCA at 50 mg, or both drugs twice daily by way of orogastric tube for
4 weeks [121]. Combination therapy of lovastatin and UDCA induced an augmented
response in completely dissolving gallstones (56%), while monotherapy of lovastatin or
UDCA induced complete dissolution of gallstones in 28% animals. These discrepancies in
dissolution rates of gallstones could be explained by differences in drug doses, feeding
methods, duration of drug administration, and daily dietary cholesterol intake.

To examine the effects of pravastatin on gallstone formation, prairie dogs were fed 1%
cholesterol with or without 0.05% (w/w) pravastatin for 4 weeks [122]. Pravastatin produced
a preventive effect on diet-induced gallstone formation. However, other studies observed
that gallstones were formed in 50% prairie dogs treated with simvastatin (2.5 mg, twice per
day) and on a 1.2% cholesterol diet for 3 weeks compared with 60% in control animals
receiving no drugs [123]. Moreover, serum cholesterol concentrations were reduced by 37%
in simvastatin-treated animals compared with controls. By contrast, simvastatin induced a
42% elevation in serum triglycerides. A positive association between high serum
triglyceride concentrations and gallstone formation has been suggested [124]. This may
explain in part why simvastatin produces a relatively weak effect on the prevention of
gallstones although it reduces bile cholesterol concentrations.

Potential therapeutic effect of statins on cholesterol gallstones in humans

In humans, most research groups have reported that statins reduce the cholesterol content in
bile, prolong the detection time of cholesterol crystals, and promote gallstone dissolution
[50, 53, 112, 125, 126], whereas a few groups did not find evidence for such an effect [127-
129]. Despite these conflicting results, statins indeed can reduce biliary cholesterol output
by inhibiting hepatic cholesterol biosynthesis, thus leading to diminished biliary cholesterol
concentrations and cholesterol saturation of bile.

Simvastatin (20 or 40 mg/day) was reported to reduce CSI values of gallbladder bile in 10
patients with hypercholesterolemia after 7 to 13 weeks of treatment [112]. Also, simvastatin
(20 mg/day) was observed to decrease plasma and biliary cholesterol levels primarily by
curbing cholesterol synthesis in 31 gallstone patients after 3 weeks of medication [49]. As a
result, CSI values of gallbladder and hepatic bile were noticeably lower in simvastatin-
treated patients compared with control subjects. Also, CSI values of gallbladder bile were
reduced markedly by lovastatin (40 mg, twice per day) and pravastatin (40 mg/day) [51, 53,
130, 131], and their therapeutic effects on CSI values of bile were dose-dependent [53, 132].
After 3 weeks of pravastatin (40 mg/day) treatment, biliary cholesterol and phospholipid,
but not bile acid concentrations were significantly reduced in 33 patients having radiolucent
gallstones compared with control group [133]. However, CSI values and the detection time
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of cholesterol crystals in gallbladder bile were comparable between both groups. In addition,
many studies have found that lovastatin and pravastatin do not alter fractional turnover,
synthesis, absorption, enterohepatic cycling, or pool sizes of bile acids [51, 128, 131, 133].

To investigate whether long-term administration of statins could reduce the risk of gallstone
disease followed by cholecystectomy, Bodmer and co-workers performed a large case-
control study using the UK-based General Practice Research Database in a total of 27,035
patients with cholecystectomy and 106,531 matched controls, including 2,396 patients and
8,868 controls who had statin use between 1994 and 2008 [134]. Long-term use of statins
was associated with decreased risk of a subsequent diagnosis of gallstone disease requiring
cholecystectomy. These findings are consistent with results from Erichsen and colleagues
who performed a population-based case-control study in 32,494 patients with gallstones
occurring from 1996 to 2008 [48]. Also, long-term (1-2 years) statin administration reduced
the risk of gallstone disease in both men and women compared with nonusers. Tsai et al.
performed a large cohort retrospective analysis from the Nurses’ Health Study with a history
of gallstones in 2,479 American women who had undergone cholecystectomy between 1994
and 2004 [47]. They concluded that long-term statin use is associated with reduced risk of
cholecystectomy in women. However, in a French cross-sectional study of 830 patients,
Caroli-Bosc et al. did not find evidence for such an effect [135].

Smit et al. observed successful gallstone dissolution after pravastatin treatment (40 mg/day)
for 3 months in a hypercholesterolemic male patient who had a large (12 mm in diameter)
solitary cholesterol gallstone [126]. However, most studies did not find that statin
monotherapy led to complete dissolution of gallstones [50]. Because UDCA has been shown
to promote gallstone dissolution by reducing intestinal absorption and biliary secretion of
cholesterol, as well as the hydrophobicity index of the bile acid pool, it was used with statins
to dissolve cholesterol gallstones. Long-term (12 months) co-administration of simvastatin
(10 mg/day) and UDCA (600 mg/day) dissolved gallstones more effectively than UDCA
monotherapy in patients with multiple gallstones [136]. However, no significant difference
in dissolution rates was observed between two therapeutic approaches in patients with
solitary gallstone. Several studies found that combination therapy of pravastatin (20 mg,
twice per day) and UDCA (500 mg, twice per day) did not produce a stronger effect on
reducing biliary cholesterol concentrations and CSI values than UDCA monotherapy in
patients with gallstones [127]. Taken together, more detailed studies on long-term
administration of statins with or without UDCA are needed to carefully determine their
therapeutic effects on gallstone dissolution, including stone size, number and composition in
both genders of patients.

New perspectives on the prevention and the treatment of cholesterol

gallstones

Because the prevalence of gallstones is rising due to the worldwide epidemic of obesity and
insulin resistance, both key features of the metabolic syndrome, it is imperative to find
potential ways to prevent this common liver disease. Growing evidence from
pathophysiological, physical-chemical, and genetic studies has clearly shown that
unphysiological supersaturation, predominantly from sustained hepatic hypersecretion of
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biliary cholesterol, is crucial for the formation of cholesterol gallstones. Similar to
atherosclerosis, the risk for cholesterol cholelithiasis increases with aging, dyslipidemia,
hyperinsulinemia, obesity, diabetes, and sedentary lifestyle. As statins and ezetimibe are
widely used in primary and secondary prevention of cardiovascular diseases, they would
have a potential benefit in preventing or treating cholesterol cholelithiasis as well.
Furthermore, preventive therapy of cholesterol gallstones can be considered as primary or
secondary. The goal of primary prevention is to prevent the formation of cholesterol
gallstones both in the general population at high risk for gallstones and in some
epidemiologically identified high-risk ethnic groups. The goal of secondary prevention is to
prevent the recurrence of gallstones after dissolution therapy. Of note, many gallstones are
silent although one third eventually causes symptoms and complications. Thus, secondary
prevention can also be used to prevent the development of symptoms and complications in
such a subgroup of patients.

Indeed, statins and ezetimibe can prevent diet-induced gallstones and promote gallstone
dissolution in mice and prairie dogs. Also, their therapeutic effects have been proved in part
in patients with cholesterol gallstones. To evaluate treatment time, response rate and overall
cost-benefit analysis, a more detailed, long-term human study is needed. If effective primary
and secondary prevention of cholesterol gallstones becomes a reality, then the potential
could exist for the prevalence of gallstones and the frequency of gallbladder surgery such as
open and laparoscopic cholecystectomies to substantially decline in the next few decades.
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Five defects play crucial roles in the pathogenesis of cholesterol gallstones: (i) genetic factors and LITH genes; (ii) hepatic
hypersecretion; (iii) gallbladder hypomotility; (iv) rapid phase transitions; and (v) intestinal factors. Of note, hepatic
hypersecretion of biliary cholesterol is the primary defect and is the outcome of a complex genetic predisposition. The
downstream effects include gallbladder hypomotility and rapid phase transitions. Gallbladder hypomotility leads to alteration in
the kinetics of the enterohepatic circulation of bile acids (intestinal factors), resulting in increased cholesterol absorption, and
reduced bile acid absorption that causes abnormal enterohepatic circulation of bile acids and diminished bile acid pool size. Not
only does gallbladder hypomotility facilitate cholesterol nucleation and crystallization, but it also allows the gallbladder to retain
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solid plate-like cholesterol monohydrate crystals. These crystals can be bound by mucin gel, inducing the formation of
microlithiasis and facilitating their growth in bile. Lithogenic bile that is supersaturated with cholesterol is primarily induced by
persistent hepatic hypersecretion of biliary cholesterol, which has both hepatic and small intestinal components. Therefore,
investigations are needed to determine whether cholesterol gallstones can be prevented by combination therapy using 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibitors (statins) and a cholesterol absorption (NPC1L1) inhibitor
(ezetimibe). Reproduced with modifications and with permission from Portincasa P, Wang DQ-H. Intestinal absorption, hepatic
synthesis, and biliary secretion of cholesterol: where are we for cholesterol gallstone formation? Hepatology. 2012; 55: 1313-
1316.
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Figure 2.

This diagram shows cholesterol balance across the liver, indicating the major sources for cholesterol entering the hepatocyte (red
arrows) and the main pathways for its disposition from the hepatocyte (blue arrows). Abbreviations: ABC, ATP-binding cassette
(transporter); CMR, chylomicron remnants; LDLR, low-density lipoprotein receptor; LRP, low-density lipoprotein receptor-
related protein; NPC1L1, Niemann-Pick C1-like 1 protein; SR-BI, scavenger receptor class B type I.
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Figure3.
Intestinal cholesterol absorption is a multistep process regulated by multiple genes. These intracellular events could also exert

major influences on the regulation of cholesterol absorption. This provides multiple therapeutic targets for inhibiting cholesterol
absorption by drugs: (1) the bile acid sequestrants; (2) specific lipase inhibitors; (3) intestinal NPC1L1 inhibitors; (4) intestinal
ABCG5/G8 inhibitors; and (5) intestinal ACAT inhibitors. Ezetimibe is a highly selective intestinal cholesterol absorption
inhibitor. It can effectively and potently prevent the absorption of cholesterol by inhibiting the uptake of dietary and biliary
cholesterol across the brush border membrane of the enterocyte through the NPC1L1 pathway. Ezetimibe provides a novel
strategy for the prevention of not only hypercholesterolemia, but also cholesterol gallstones. Abbreviations: ABC, ATP-binding
cassette (transporter); ACATZ2, acyl-CoA:cholesterol acyltransferase isoform 2; APO, apolipoprotein; DG, diacylglycerol; FA,
fatty acids; FABP, fatty acid binding protein; FATP4, fatty acid transport protein 4; a-GP, a-glycerophosphate; HMGCR, 3-
hydroxy-3-methylglutaryl-CoA reductase; MG, monoacylglycerol; MTTP, microsomal triglyceride transfer protein; NPC1L1,
Niemann47 Pick C1-like 1 protein; PA, phosphatidic acid; PL, phospholipids; SER, smooth endoplasmic reticulum; TG,
triacylglycerol. Reproduced with modifications and with permission from De Bari O, Neuschwander-Tetri BA, Liu M,
Portincasa P, Wang DQ-H. Ezetimibe: its novel effects on the prevention and the treatment of cholesterol gallstones and
nonalcoholic fatty liver disease. Journal of Lipids. 2012; 2012: 302847-63. See text for details.
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Figure 4.
Molecular structure of ezetimibe. The standard chemical formula (left panel), the perspective formula (middle panel), and the

space-filling model (right panel) of ezetimibe are shown. Ezetimibe is a highly selective intestinal cholesterol absorption
inhibitor through the Niemann-Pick C1-like 1 (NPC1L1) pathway. See text for details.
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Figure5.
Molecular structures of statins. The standard chemical formulae (left panel), the perspective formulae (middle panel), and the

space-filling models (right panel) of statins are shown. Statins are competitive inhibitors of 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) reductase, the rate-limiting enzyme for cholesterol biosynthesis. Each statin displays different inhibitory effects on
the formation of cholesterol gallstones in prairie dogs. See text for details.
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