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Intestinal Absorption, Hepatic Synthesis, and Biliary
Secretion of Cholesterol: Where Are We for Cholesterol

Gallstone Formation?
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W
ith a 10%-15% prevalence, gallstone disease
is one of the most prevalent and costly
digestive diseases in Western countries.1,2

About two-thirds of gallstones are cholesterol gall-
stones,3 while the remaining are pigment stones that
contain less than 30% cholesterol. The prevalence of
gallstones increases with age and is associated with a
number of major risk factors.1,4 Overall, cholesterol
gallstone disease is deemed as the gallbladder/bile
expression of the metabolic syndrome, as it is often
associated with obesity, type 2 diabetes, dyslipidemia,
and hyperinsulinemia. The combination of multiple
disturbances affecting cholesterol homeostasis in bile is
essential for cholesterol gallstone formation. The
interactions of five primary defects (Fig. 1) result in
rapid cholesterol nucleation and crystallization in bile,
the key step for gallstone formation1,5: (1) LITH genes
and genetic defects; (2) unphysiological sustained
supersaturation of bile with cholesterol due to hepatic
hypersecretion; (3) enhanced intestinal cholesterol
absorption; (4) accelerated phase transitions of choles-
terol; and (5) prolonged gallbladder stasis due to
disrupted gallbladder motility accompanied with
immunomediated gallbladder inflammation, as well as
hypersecretion of mucins and accumulation of mucin
gel in the gallbladder lumen.1,6,7 Growth of solid, plate-
like cholesterol monohydrate crystals to form gallstones
is a consequence of persistent hepatic hypersecretion of
biliary cholesterol together with enhanced gallbladder
mucin secretion and incomplete evacuation by the
gallbladder due to its impaired motility function.

In this issue of HEPATOLOGY, Krawczyk et al.8 report
that patients with cholesterol-enriched stones displayed
a high biliary cholesterol output and relatively low
absorption efficiency of intestinal cholesterol. Appa-
rently, this metabolic trait could precede gallstone for-
mation, which may be a feature of those ethnic groups
at (possibly genetic) high risk of gallstones. In their
case-control studies, the authors examined four
cohorts, each including gallstone patients and matched
controls: one cohort of German subjects (112 patients
and 152 controls), two cohorts of Chilean ethnic
groups (100 Hispanic patients and 100 controls), and
one cohort of Amerindian Mapuches (20 patients and
20 controls). Using chromatography/mass spectrome-
try, serum levels of surrogates were measure as markers
of both intestinal cholesterol absorption (phytosterols:
sitosterol and campesterol) and hepatic de novo synthe-
sis (cholesterol precursors: lathosterol and desmos-
terol). In addition, serum sterol levels were employed
as markers for evaluating increased risk of gallstones in
an 8-year ultrasonographic follow-up study (Hispanics,
35 gallstone patients and 35 controls). Sterol levels
were also measured in gallbladder bile from a sub-
group of patients and controls (n ¼ 17 each). Com-
mon variants of ABCG5/G8 were genotyped. Choles-
terol gallstone patients had distinctive serum sterol
profiles (i.e., low levels of phytosterols, high levels of
cholesterol precursors, and low ratios of phytosterol-
s:cholesterol precursors). Differences were more pro-
nounced in women than in men and in Chilean His-
panics than in Germans. In bile, both phytosterols and
cholesterol were increased and relative lipid composi-
tions of gallbladder bile plotted above the micellar
phase boundary. In the follow-up study, individuals
with incident stones had significantly lower serum phy-
tosterol levels even before the appearance of gallstones.
Based on the ratios of phytosterols:cholesterol precur-
sors, the following sequences were established: Amerin-
dians<Hispanics<Germans. The overall genotype dis-
tributions of the variants of ABCG5/G8 did not differ
between cases with gallstones and stone-free controls,
and therefore, these results could not fully explain the
sterol metabolic trait of gallstone disease across the
cohorts.
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Cholesterol homeostasis in humans is the consequence
of the fine regulatory mechanisms involving intestinal
absorption and hepatic de novo synthesis, as well as bili-
ary secretion and fecal excretion of cholesterol. In enter-
ocytes, sterol uptake and secretion is mediated by two
brush border transport proteins. The Niemann-Pick
C1-like 1 protein (NPC1L1) acts as an intestinal sterol
influx transporter that actively facilitates the uptake of
cholesterol.9-11 Two ATP-binding cassette (ABC) trans-
porters, ABCG5 and ABCG8, work as a heterodimeric
efflux pump, for mediating cholesterol transport back to
the intestinal lumen. Because in humans both NPC1L1
and ABCG5/G8 are also expressed in the hepatocyte at
the canalicular membrane, both transporters contribute
to the overall balance of cholesterol absorption/secretion
at two different sites: intestine and liver.12,13

Where exactly excess biliary cholesterol comes from
(i.e., intestinal absorption, hepatic de novo synthesis,
reverse cholesterol transport by high-density lipopro-
tein [HDL]) is still an open issue and should be inter-
preted together with the function of these cholesterol
transporters at different levels. Krawczyk et al. sug-
gested that, at least in their particular setting, reduced
cholesterol absorption, which is associated with
increased cholesterol synthesis, may drive impaired
cholesterol homeostasis in gallstone disease, with
higher cholesterol clearance. The authors also specu-
lated that the early events might be the biliary/intesti-
nal cholesterol efflux (sterol clearance) followed by
increased synthesis of cholesterol, since they did not
occur simultaneously. Overall, however, such events
should result in ‘‘sustained’’ rather than ‘‘fluctuating’’
supersaturation of bile with cholesterol. Genetic factors
and LITH genes play a role in the pathogenesis of cho-
lesterol gallstones.10 In principle, a gain-of-function of
ABCG5/G8 in humans might recapitulate both steps,
leading to decreased intestinal absorption versus
increased biliary output of cholesterol. The ABCG8
p.D19H and p.T400K coding variants might play a
role as putative susceptibility variants for gallstone for-
mation in humans.14-16 Despite much evidence in this
respect, the authors could not confirm such an interest-
ing hypothesis, possibly due to the small cohort size.
The issue becomes even more intriguing when con-

sidering that high cholesterol content is typical of Wes-
ternized diets and that the small intestine is a unique
organ providing dietary and reabsorbed biliary choles-
terol to the body.9 Furthermore, high efficiency of in-
testinal cholesterol absorption may occur, as shown in
several inbred strains of mice.7,17 Slow/sluggish intesti-
nal motility is a feature in gallstone disease and is an
additional factor predisposing to increased cholesterol
absorption, more hydrophobe absorption, and second-
ary bile salt synthesis by the intestinal anaerobic
microbiota. Thus, high dietary cholesterol matched
with increased intestinal cholesterol absorption both
appear to be key and independent risk factors for the
formation of cholesterol gallstones.9 This mechanism
might be actively operating in subgroups of subjects
who are at lower genetic risk of developing gallstones
but are victims of environmental dietary factors.
Indeed, the potent and selective inhibitor of NPC1L1
ezetimibe reduced biliary cholesterol secretion by sup-
pressing intestinal cholesterol absorption and protected
gallbladder motor function by desaturating bile, thus
preventing the formation of cholesterol gallstones in
mice.11,18 The results are straightforward, since in
mice NPC1L1 is expressed only in the intestine. In

Fig. 1. Venn diagram of five primary defects: genetic factors and
LITH genes, hepatic hypersecretion, gallbladder hypomotility, rapid phase
transitions, and intestinal factors. Hepatic cholesterol hypersecretion into
bile is the principal defect and is the outcome in part of a complex
genetic predisposition. The downstream effects include gallbladder hypo-
motility and rapid phase transitions. A major result of gallbladder hypo-
motility is alteration in the kinetics of the enterohepatic circulation of
bile salts, resulting in increased cholesterol absorption and reduced bile
salt absorption that lead to abnormal enterohepatic circulation of bile
salts and diminished biliary bile salt pool size. Gallbladder hypomotility
facilitates cholesterol nucleation/crystallization and allows the gallblad-
der to retain cholesterol monohydrate crystals. Although a large number
of Lith genes have been identified in mouse models of cholesterol gall-
stones, the identification of human LITH genes and their contributions to
the formation of cholesterol gallstones require further investigation.
Reproduced with modifications and with permission.9
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hamsters and humans, however, NPC1L1 is also detected
at a significantly lower expression level in the liver com-
pared with the intestine. Because NPC1L1 is a choles-
terol transporter that is expressed on the canalicular
membrane of hepatocytes, it could function to limit cho-
lesterol excretion, presumably by reabsorbing cholesterol
from bile.19 However, it was found that ezetimibe can
significantly reduce hepatic secretion of biliary cholesterol
in cholesterol-fed hamsters.20 Furthermore, in gallbladder
biles of Mexican patients with gallstones, ezetimibe
reduced biliary cholesterol saturation and retarded choles-
terol crystallization.11 These results strongly suggest that
the secretion efficiency of biliary cholesterol is most likely
determined by the net effect between the efflux and
influx of cholesterol molecules across the canalicular
membrane of hepatocyte, which could be regulated by
ABCG5/G8 and the NPC1L1 pathways.11 It is highly
likely that because biliary cholesterol secretion is a unique
path for excretion of cholesterol from the body in
humans and hamsters, hepatic ABCG5/G8 may play a
stronger role in the regulation of biliary cholesterol secre-
tion than NPC1L1. In addition, in the gut-liver axis, the
intestinal NPC1L1 plays a significant role in providing
dietary and reabsorbed biliary cholesterol to the body,
and the inhibition of its functions by ezetimibe signifi-
cantly reduces cholesterol absorption. Consequently, the
bio-availability of cholesterol from intestinal sources for
biliary secretion is decreased significantly.9 Moreover, in-
testinal absorption of dietary cholesterol and reabsorption
of biliary cholesterol could play a major role in a sub-
group of patients with cholesterol gallstones. Such aspects
need to be prospectively investigated.
Because of some gallstone patients with increased he-

patic de novo cholesterol synthesis, the results of Krawc-
zyk et al. suggested a potential therapeutic role for sta-
tins. Statins decrease hepatic cholesterol biosynthesis by
inhibiting the rate-limiting 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase pathway and may therefore lower
the risk of cholesterol gallstones by reducing the choles-
terol concentration in bile. Although this was the case
with pravastatin in a previous report21 and in a recent
large cohort study investigating the statin use and risk
of gallstone disease followed by cholecystectomy,22 evi-
dence remains scarce and speculative. In general, the
contribution of de novo synthesis on the formation of
lithogenic bile and cholesterol gallstones appears to be
modest.23 In a small group of cholesterol gallstone
patients, it was found that statins neither influenced bil-
iary cholesterol secretion nor reduced cholesterol satura-
tion index in gallbladder bile.24 They did not influence
cholesterol crystal detection time in these patients, ei-
ther.25 Lastly, simvastatin reduced plasma cholesterol

concentrations, but could not prevent gallstone forma-
tion and biliary cholesterol crystallization in the prairie
dog model of cholesterol gallstones.26 The combination
therapy of statins with the hydrophilic ursodeoxycholic
acid yielded either limited27 or similar28 dissolution
rates versus ursodeoxycholic acid alone in patients with
radiolucent cholesterol gallstones. These issues also
remain unsettled in the study of Krawczyk et al., since
none of the patients were treated with statins.
Krawczyk et al. showed that the ratio of phytosterol:-

cholesterol precursors in serum was even more predictive
than ‘‘orthodox’’ variables determining the typical meta-
bolic syndrome. Also, the ratio was consistent with the
gallstone prevalence in different geographical areas and
populations: <20% in Germans (and similar in Ital-
ians29), �27% in Hispanics, and 35% in Mapuches.
Whether serum phytosterol levels may become additional
predictive biomarkers for increased gallstone risk even at a
younger age (as is the case for other aspects of cholesterol
metabolism) is still a matter of debate. Of note, nonalco-
holic fatty liver disease (another ‘‘fellow traveler’’ with the
metabolic syndrome) also showed similar cholesterol met-
abolic profiles compared with gallstone disease.30

The process referred to as reverse cholesterol trans-
port (i.e., cholesterol from peripheral [extrahepatic] tis-
sues returning to the liver) needs to be considered as
well. HDL delivers cholesterol to the hepatocyte for
selective uptake by scavenger receptor class B type I,
an HDL receptor31 that contributes to the hepatic
cholesterol pool used for bile acid synthesis and excre-
tion of cholesterol in the bile and feces. Thus, know-
ing the ultimate interaction between complex pathways
involving cholesterol absorption, transport, synthesis,
and secretion in subgroups of patients precipitating
solid cholesterol crystals in bile and forming gallstones
obviously requires further attention.
In conclusion, Krawczyk et al. investigated subtle

mechanisms governing cholesterol homeostasis in the
body (intestine, liver, and bile) with respect to cholesterol
gallstone disease. Whether intestinal cholesterol absorp-
tion is decreased in certain gallstone patients and associ-
ated with a gain-of-function of the cholesterol intestinal
and biliary transporter ABCG5/G8 (as well as of a num-
ber of other LITH genes) is a matter of research. Serum
phytosterol levels might become additional predictive
biomarkers for evaluating increased risk of gallstones. A
new strategy aiming at inhibiting both hepatic synthesis
and intestinal absorption of cholesterol for reducing its
biliary output might be envisioned for a genetically
defined subgroup of individuals at a high risk for gall-
stones. Overall, data need to be integrated with those
suggesting that the absorption of intestinal cholesterol
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indeed plays a role in the pathogenesis of gallstone dis-
ease, and that other groups of patients might benefit
from drugs (such as ezetimibe) inhibiting this process.11

Although the ultimate and major sources of biliary
cholesterol remain to be established in different popula-
tions, a more and more intriguing story about cholesterol
cholelithiasis is developing and linking with complex met-
abolic disturbances and genetics. This will require appro-
priate preventive and medicinal approaches in the future.
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