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Abstract

The ATP-binding cassette sterol transporter Abcg5/g8is Lith9in mice and two gallstone-
associated variants in ABCG5/G8 have been identified in humans. Although ABCG5/G8 plays a
critical role in determining hepatic sterol secretion, cholesterol is still secreted to bile in
sitosterolemic patients with a defect in either ABCG5 or ABCG8and in either Abcg5/g8 double or
single knockout mice. We hypothesize that in the defect of ABCG5/G8, an ABCG5/G8-
independent pathway is essential for regulating hepatic secretion of biliary sterols, which is
independent of the lithogenic mechanism of the ABCG5/G8 pathway. To elucidate the effect of the
ABCG5/G8-independent pathway on cholelithogenesis, we investigated the biliary and gallstone
characteristics in male wild-type, ABCG5(-/-)/G8(-/-), and ABCG8 (-/-) mice fed a lithogenic
diet or varying amounts of cholesterol, treated with an LXR agonist, or injected intravenously with
[3H]sitostanol- and [14C]cholesterol-labeled HDL. We found that ABCG5(-/-)/G8(-/-) and
ABCGS8 (-/-) mice displayed the same biliary and gallstone phenotypes. Although both groups of
knockout mice showed a significant reduction in hepatic cholesterol output compared to wild-type
mice, they still formed gallstones. The LXR agonist significantly increased biliary cholesterol
secretion and gallstones in wild-type, but not ABCG5(~/-)/G8(~/-) or ABCG8 (/=) mice. The 6-
hour recovery of [24C]cholesterol in hepatic bile was significantly lower in both groups of
knockout mice than in wild-type mice and [3H]sitostanol was detected in wild-type, but not
ABCG5(-/-)/G8(—/-) or ABCG8 (—/-) mice. We conclude that the ABCG5/G8-independent
pathway plays an important role in regulating biliary cholesterol secretion, the transport of HDL-
derived cholesterol from plasma to bile, and gallstone formation, which works independently of
the ABCG5/G8 pathway. Further studies are needed to observe if this pathway is also operational
in humans.
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INTRODUCTION

Supersaturated bile is an essential prerequisite for the precipitation of solid cholesterol
monohydrate crystals and the formation of cholesterol gallstones (1). It has been established
that the ATP-binding cassette (ABC) sterol transporters G5 and G8 encoded by the ABCG5
and ABCG8 genes are located primarily on the canalicular membrane of hepatocytes and the
apical membrane of enterocytes and play a key role in hepatic secretion and intestinal
absorption of cholesterol (2-5). The Abcg5/g8 has already been identified as the mouse
Lith9 by quantitative trait locus (QTL) linkage analysis (6). Subsequently, the ABCG5/G8
was found to be associated with gallstone formation in patients and two gallstone-associated
variants in ABCG5/G8 (ABCG5R50C and ABCG&-D19H) were identified not only in
Germans and Chileans, but also in Chinese and Indians (7-12). These findings indicate the
importance of ABCG5/G8as LITH9in the pathogenesis of gallstones not only in mice, but
also in humans.

Sitosterolemia is a rare autosomal, recessively inherited lipid metabolic disorder that is
caused by mutations in either ABCG5 or ABCG8(13-16). It is characterized mainly by
increased absorption of cholesterol and sitosterol and reduced secretion of these sterols into
bile (17-19). In patients with sitosterolemia, the intestinal absorption of cholesterol is
augmented by ~30%, from ~46% to ~60%; however, the intestinal absorption of sitosterol is
dramatically increased by ~800%, from <5% to ~45% (20-23). Moreover, several human
studies on biliary lipid secretion found that hepatic cholesterol secretion is markedly reduced
and hepatic secretion of sitosterol and other plant sterols is almost totally inhibited. As a
result, these patients often display hypercholesterolemia, tendon and tuberous xanthomas,
premature development of atherosclerosis, and abnormal hematologic and liver function test
results. To explore the mechanism underlying the effect of ABCG5/G8 on bhiliary sterol
secretion, we quantified biliary cholesterol and sitostanol secretion for 6 hours in ABCG8
(-/-) mice. We found that mass transport rate of [3H]sitostanol from plasma HDL into bile
was significantly faster than that of [14C]cholesterol in wild-type (WT) mice; however,
reduced amounts of [14C]cholesterol and no [3H]sitostanol were detected in bile of ABCG8
(=/-) mice (24). These results clearly demonstrated that the deletion of the Abcg8 gene
alone significantly reduces but does not eliminate hepatic cholesterol secretion. Consistent
with the human results, these mouse data strongly suggest that an ABCG5/G8-independent
pathway could also be involved in hepatic cholesterol secretion. However, it is still unknown
whether this pathway has a crucial effect on the regulation of hepatic cholesterol secretion
and whether it plays a pivotal role in the formation of cholesterol gallstones in the lithogenic
state.

In the current study, we investigated whether the targeted disruption of the Abcg5/g8 genes
or the Abcg8 gene alone protects against the formation of cholesterol gallstones in gallstone-
susceptible C57BL/6J mice fed a lithogenic diet for 56 days. It was surprising to find that
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although the prevalence of gallstones was significantly reduced in ABCG5(—/-)/G8(-/-) and
ABCGS8 (-/-) mice, many classical parallelogram-shaped cholesterol monohydrate crystals
and gallstones were still found in these mice during the 56-day period of the lithogenic diet
feeding. Our results provide clear evidence to support a novel concept that the ABCG5/G8-
independent pathway is essential for regulating hepatic cholesterol secretion in the absence
of ABCG5/G8 and also plays a determinant role in gallstone formation in mice.

MATERIALS AND METHODS

Genetically modified mice and diets

The breeding pairs of ABCG5(~/-)/G8(-/-) mice on a C57BL/6J genetic background were
purchased from the Jackson Laboratory (Bar Harbor, ME). The generation of ABCG8 (-/-)
mice on a C57BL/6J background has been described elsewhere (24, 25). The wild-type
(WT) mice displayed normal Abcg5and Abcg8 expression on the same C57BL/6J
background and were a gallstone-susceptible strain. The breeding colonies of all these mice
have been established in-house and they were bred to generate male mice for the studies. For
gallstone study, mice at 8-10 weeks of age were fed a lithogenic diet containing 1%
cholesterol, 0.5% cholic acid, and 15% butter fat for 56 days. To study the effect of the
ABCG5/G8-independent pathway on biliary cholesterol secretion, mice were fed normal
rodent chow (Harlan Teklad F6 Rodent Diet 8664, Madison, WI) containing trace (<0.02%)
amounts of cholesterol, or the chow diet supplemented with 0.5% or 1% cholesterol for 14
days. To explore whether the induction of Abcg5/g8by the liver X receptor (Lxr) increased
biliary cholesterol secretion and gallstone formation, mice were given by gavage the
synthetic LXR agonist T0901317 (Cayman Chemical, Ann Arbor, MI) at 0 or 20 mg/day/kg
body weight and fed the lithogenic diet for 56 days. All mice were housed in a temperature-
controlled vivarium (22+1°C) on a 12/12 h light/dark cycle (lights on at 0600 h). All
procedures were in accordance with current NIH guidelines and were approved by the
Institutional Animal Care and Use Committee of Harvard University.

Microscopic studies of gallbladder bile and gallstones

After mice were fasted overnight and anesthetized with pentobarbital, cholecystectomy was
performed. Gallbladder bile was collected before (day 0, on chow) and at frequent intervals
after feeding the lithogenic diet for 14, 28, and 56 days for cholesterol crystallization and
gallstone studies (n=20 for the 56-day group and n=5 per group for each of other time
points). The entire gallbladder bile was examined by phase contrast and polarizing light
microscopy for the presence of mucin gel, liquid crystals, solid cholesterol crystals, sandy
stones, and gallstones according to previously established criteria (26). The images of
cholesterol monohydrate crystals and gallstones were analyzed by a Carl Zeiss Imaging
System (Carl Zeiss Microimaging GmbH, Géttingen, Germany).

Additional methods are described in the Supporting Materials and Methods.
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RESULTS

Lipid composition and CSl values of gallbladder bile

Figure 1A shows changes in bile CSI values as a function of days on the lithogenic diet in
WT, ABCG5(-/-)/G8(-/-), and ABCG8 (-/-) mice before (day 0, on chow) and during
feeding the lithogenic diet for 56 days. Although CSI values were increased progressively in
three groups of mice and reached supersaturation after 14 days of feeding, they were
markedly higher in WT mice than in ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice.

Prevalence rates and characteristics of gallstones

Figure 1B exhibits representative photomicrographs of amorphous mucin gel, liquid crystals,
cholesterol monohydrate crystals, and gallstones as observed by polarizing light microscopy
during gallstone formation in gallbladder bile of WT, ABCG5(-/-)/G8(-/-), and ABCG8
(=/-) mice. At 56 day on the lithogenic diet, gallbladders of WT mice formed a thick layer
of sticky mucin gel interspersed with numerous solid plate-like cholesterol monohydrate
crystals, as well as aggregated and fused liquid crystals. In contrast, gallbladders of
ABCG5(-/-)/G8(-/-) and ABCG8 (—/-) mice contained a thin layer of mucin gel,
aggregated and fused liquid crystals, and cholesterol monohydrate crystals. Figure 1C shows
that gallstone prevalence in WT mice (100%) is significantly higher than that in ABCG5(~/
-)/G8(-/-) and ABCG8 (-/-) mice (30%). As shown in Figure 1D, assessment of gallstone
frequency in WT mice find that the number distribution fell between 1 and 3 in 50% of the
mice and between 4 and 6 in 40% of the mice, while 10% of the mice formed more than 7
stones. Moreover, 20% of ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice had 1-3 stones and
10% of them harbored 4-6 stones. Of special note, 70% of ABCG5(—/-)/G8(-/-) and
ABCGS8 (-/-) mice did not form gallstones in the gallbladder.

Phase analysis of gallbladder bile during cholesterol crystallization

For phase analysis, three truncated phase diagrams were created for pooled gallbladder bile
of WT, ABCG5(-/-)/G8(-/-), and ABCG8 (-/-) mice during the 56-day period of the
lithogenic diet feeding (Figure 2). At day 0 on chow, relative biliary lipid composition of
bile was located within the micellar zone in three groups of mice. By phase analysis, the bile
consisted of only unsaturated micelles (27), showing that gallbladder bile was unsaturated.
In the lithogenic state, relative lipid composition of pooled gallbladder bile gradually moved
upward and to the right of the phase diagrams in all the three groups of mice, which was
caused by an increase in cholesterol and phospholipid concentrations and a decrease in bile
salt concentrations. After 14 days of feeding, relative biliary lipid composition directly
entered region C from the micellar zone in these mice, indicating that the bile became
supersaturated. Notably, relative biliary lipid composition was much higher in WT mice than
in ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice. By phase analysis, the bile was composed
of three phases, namely solid cholesterol crystals, liquid crystals, and saturated micelles. As
expected, liquid crystals invariably preceded cholesterol monohydrate crystals during
crystallization (27).
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Biliary lipid secretion and bile flow

Figure 3A shows biliary lipid output in mice during the first hour after interruption of the
enterohepatic circulation. Biliary cholesterol and phospholipid output was significantly
higher in WT mice than in ABCG5(—/-)/G8(—/-) and ABCG8 (-/-) mice. Biliary bile acid
output was also higher in the former than in the latter two groups of mice, but the difference
did not reach statistical significance. The ratios of cholesterol to phospholipids and to bile
salts were significantly higher in WT mice than in ABCG5(-/-)/G8(-/-) and ABCG8 (-/-)
mice, indicating that bile cholesterol saturation was significantly higher in the former than in
the latter. At 56 days on the lithogenic diet, bile flow rate was determined during the first
hour of hepatic bile collection, thus avoiding appreciable perturbation of the enterohepatic
circulation of bile salts. Bile flow rates were comparable among WT, ABCG5(—/-)/G8(-/-),
and ABCG8 (=/-) mice.

The effect of the ABCG5/G8-independent pathway on hepatic cholesterol secretion was
further examined in mice fed varying amounts (0.02%, 0.5%, or 1%) of dietary cholesterol
for 14 days. The mRNA levels and protein concentrations of ABCG5 and ABCG8 were
augmented in WT mice when dietary cholesterol was increased (Figure 3B), coupled with a
dose-dependent increment in hepatic cholesterol output (Figure 3C). Although ABCG5(-/
-)/G8(-/-) and ABCG8 (-/-) mice displayed significantly lower hepatic cholesterol
secretion compared to WT mice, they also showed hepatic cholesterol output in a dose-
dependent manner. This indicates that the ABCG5/G8-dependent pathway plays a role in
regulating hepatic cholesterol secretion in mice in response to an increase in dietary
cholesterol.

Phase analysis of hepatic bile in the lithogenic state

For phase analysis in WT, ABCG5(—/-)/G8(-/-), and ABCG8 (-/-) mice after 56 day of the
lithogenic diet feeding (Figure 4A), relative lipid composition of individual hepatic bile was
plotted in a similar fashion using an appropriate micellar phase boundary and cholesterol
crystallization pathways for dilute (3 g/dL) taurocholate-rich bile (27). Notably, biliary lipid
composition of all hepatic bile was plotted within the crystallization pathway denoted region
E, in which only liquid crystals but not solid cholesterol crystals occurred at equilibrium.
These liquid crystals consist mainly of multilamellar vesicles (27). Because the ratios of
cholesterol to phospholipids were significantly lower in these knockout mice compared to
WT mice (Figure 4B), this indicated that biliary vesicles contained less cholesterol in
ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice. These results were consistent with lower CSI
values in these knockout mice than those in WT mice. Because of a reduction in biliary
cholesterol and phospholipid secretion, total lipid concentration was also lower in
ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice than in WT mice.

Bile salt species in hepatic bile

We further examined whether the lack of ABCG5/G8 has an effect on biliary bile salt
species by HPLC. All bile salts in hepatic bile were taurine conjugated with a similar
distribution of bile salt composition among three groups of mice (Figure 4C), regardless of
whether Abcg5/g8 or Abcg8was deleted. Hydrophobicity indexes of bile salt pools (Figure
4D) in bile and expression of Cyp7aland Cyp27al (Figure 4E) that encode two rate-
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limiting enzymes for regulating the classical and the alternative pathways of bile salt
synthesis in the liver were comparable among three groups of mice. These results indicate
that the deletion of the Abcg5/g8 genes or the Abcg8 gene alone did not influence bile salt
metabolism in the liver and bile. Notably, expression of Cyp7aland Cyp27al was
significantly reduced in mice fed the lithogenic diet compared to the chow diet because the
lithogenic diet contained 0.5% cholic acid.

Effect of the ABCG5/G8-independent pathway on the transport of sterols from plasma to

bile

Figure 5A exhibits that by 6 hours after the injection, the total recovery of HDL-derived
[14C]cholesterol in hepatic bile is 15+2%, 5+1%, and 6+1% in WT, ABCG5(~/-)/G8(~/-),
and ABCG8 (=/-) mice, respectively, indicating that the cholesterol transport from plasma to
bile is significantly reduced due to the deletion of Abcg5/g8 or Abcg8. Cumulative
radioactivity of sitostanol recovered in bile was 22+2% in WT mice and no sitostanol
radioactivity was found in ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice, showing that the
sitostanol transport from plasma to bile was inhibited in mice lacking ABCG5/G8 or
ABCGS8. These results suggested that the ABCG5/G8-independent pathway is involved in
hepatic secretion of cholesterol, but not sitostanol, derived from HDL.

Effect of the LXR agonist on hepatic cholesterol secretion and gallstone formation

To explore whether LXR agonists play a role in promoting biliary cholesterol secretion and
gallstone formation through the ABCG5/G8-independent pathway, we fed mice with 0 or 20
mg/day/kg of the synthetic LXR agonist T0901317 by gavage and with the lithogenic diet
for 56 days. As expected, T0901317 significantly increased mRNA levels (Figure 5B) and
protein concentrations (Figure 5C) of ABCG5 and ABCGS8 in the liver of WT mice. After
the stimulation of ABCG5/G8 by the LXR agonist, both hepatic cholesterol output (Figure
5D) and gallstone prevalence (Figure 5E) were significantly increased in WT, but not
ABCG5(-/-)/G8(-/-) or ABCG8 (-/-) mice. Moreover, the size and number of gallstones
were significantly increased in WT mice treated with T01901317 compared to WT mice
receiving no T01901317. However, gallstone prevalence, as well as stone number and size
were not influenced in ABCG5(-/-)/G8(-/-) and ABCG8 (—/-) mice even treated with the
LXR agonist for 56 days.

Effect of the ABCG5/G8-independent pathway on gallbladder motor function

During the 56-day period of the lithogenic diet feeding, fasting gallbladder volumes were
gradually increased (Figure 6A). Although fasting gallbladder sizes were larger in WT mice
than in ABCG5(-/-)/G8(—/-) and ABCG8 (-/-) mice, the difference did not reach a
statistical significance. At 56 days on the lithogenic diet, cholesterol and cholesteryl ester
concentrations in the gallbladder tissues were comparable in three groups of mice; however,
their concentrations were significantly higher in these mice fed the lithogenic diet compared
to those in WT mice on chow (Figure 6B). As expected, 0.9% NaCl administration did not
influence gallbladder emptying in all mice. Postprandial gallbladder emptying rates in
response to the high-fat meal or exogenous CCK-8 stimulation were between 20% and 30%
and were comparable in three groups of mice (Figure 6C), suggesting that gallbladder
emptying was impaired in these mice. As shown in Figure 6D, after 56 days of the lithogenic
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diet feeding, expression of gallbladder Cck-Iris significantly reduced in three groups of
mice compared to that in WT mice on chow. Notably, expression of gallbladder Apc1/1,
Abcgb, Abcg8, and Acat2is significantly increased in mice fed the lithogenic diet compared
to that in WT mice on chow. Expression of gallbladder Sr-61 was comparable among four
groups of mice.

DISCUSSION

Sitosterolemia is caused by a mutation in either the ABCGS5 or the ABCG8 gene alone, but
not in both simultaneously, and hepatic cholesterol secretion is reduced, but not completely
eliminated in these patients (20-23). Further studies found by us and others (3-5, 24, 28)
showed that hepatic cholesterol output is significantly reduced, but cholesterol is still
secreted into bile in mice with the deletion of either Abcg5 or Abcg8alone, or both. These
results suggest that an ABCG5/G8-independent pathway could exist for regulating biliary
cholesterol secretion in humans and mice. However, its pathophysiological role in gallstone
formation is largely unknown. In the current study, the most important findings are that (i)
the ABCG5/G8-independent pathway accounts for 30% to 40% of hepatic cholesterol output
in the lithogenic state and has an effect on regulating biliary secretion of cholesterol in
response to high dietary cholesterol; (ii) in the absence of ABCG5/G8, it plays a pivotal role
in biliary cholesterol secretion and the pathogenesis of cholesterol gallstones; (iii) it is able
to regulate hepatic secretion of HDL-derived cholesterol, but not sitostanol; and (iv) its
activity in the liver is not regulated by the LXR agonist through the LXR signaling pathway.

Genetic analyses and clinical studies have found that ABCG5/G8is L/TH9in humans and
mice. In the present study, we revealed that the deletion of the Abcg5l g8 genes or the Abcg8
gene alone dramatically reduced gallstone prevalence in gallstone-susceptible C57BL/6J
mice. However, during 56 days of the lithogenic diet feeding, gallbladder bile still became
supersaturated with cholesterol, eventually leading to the formation of gallstones in
ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice. This finding indicates that the ABCG5/G8-
independent pathway can play a critical role in gallstone pathogenesis, which is independent
of the lithogenic mechanism of the ABCG5/G8 pathway. A careful contrast of the two
pathways shows up some key differences. We found that in ABCG5(—/-)/G8(-/-) and
ABCGS8 (-/-) mice, the evolutionary sequence of cholesterol crystallization and gallstone
formation was characterized by the initial supersaturation of bile with cholesterol, followed
by the accumulation of excess mucin gel, the appearance of liquid crystals and solid
cholesterol crystals, the growth and agglomeration of cholesterol monohydrate crystals, and
the formation of sandy stones and real gallstones. Although the sequence of cholesterol
crystallization and gallstone formation was basically the same in WT, ABCG5(-/-)/G8(-/
-), and ABCG8 (-/-) mice, the number and size of solid cholesterol crystals and the severity
of gallstone disease were dramatically reduced in both groups of knockout mice compared to
WT mice.

The second major difference between WT and knockout mice was the magnitude of hepatic
cholesterol output. Consistent with our previous findings in chow-fed WT and ABCG8 (-/-)
mice (24), the ABCG5/G8-independent pathway was also responsible for 30% to 40% of
hepatic cholesterol output in these knockout mice under lithogenic diet feeding conditions
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(Figure 7). Moreover, when dietary cholesterol was increased from 0.02% to 1%, there was a
dose-dependent increase in biliary cholesterol secretion in these knockout mice. This
indicates that the ABCG5/G8-independent pathway is also involved in the regulation of
biliary cholesterol secretion in mice in challenge to high dietary cholesterol, working
independently of the ABCG5/G8 pathway, as both pathways may influence hepatic
cholesterol secretion through different mechanisms. Furthermore, intestinal cholesterol
absorption efficiency was significantly increased not only in ABCG5(-/-)/G8(-/-), ABCG5
(=/-), and ABCG8 (=/-) mice (3-5, 24, 28), but also in sitosterolemic patients (20-23).
Thus, more cholesterol of intestinal origin reaches the liver for hypersecretion into bile
through the chylomicron pathway in these knockout mice, thereby further enhancing
cholelithogenesis. Because persistent supersaturation of bile with cholesterol, gallbladder
cholesterol absorption could be enhanced so that the excess amounts of cholesterol and
cholesteryl esters were accumulated in the gallbladder wall not only in WT mice, but also in
these knockout mice. Thus, the cytotoxic effect of excess cholesterol on the plasma
membrane of smooth muscle and excess cholesteryl esters for storage in the mucosa and
lamina propria may inhibit contraction and relaxation of the gallbladder (29-31). This
explains our observations that gallbladder emptying was impaired in WT, ABCG5(-/-)/
G8(-/-), and ABCGS5 (—/-) mice.

It is well known that the LXR agonist T0901317 activates hepatic LXR, promoting biliary
cholesterol secretion by stimulating hepatic Abcg5/g8 expression in mice (28, 32, 33).
Furthermore, the activation of LXR by T0901317 sensitizes mice to lithogenic diet-induced
cholesterol crystallization and gallstone formation (34). However, this was not the case in
ABCG5(-/-)/G8(-/-) and ABCG8 (=/-) mice. This suggests that the hepatic LXR does not
have an effect on the ABCG5/G8-independent pathway for regulating biliary cholesterol
secretion, which is distinct from the ABCG5/G8 pathway that is effectively regulated by the
hepatic LXR through a transcriptional mechanism.

The cholesterol molecules derived from HDL, but not LDL or VLDL, are an important
source for hepatic secretion into bile because HDL promotes reverse cholesterol transport
from peripheral tissues to the liver where the HDL-derived cholesterol is secreted
preferentially into bile (35). We found that after intravenous injection, HDL-derived
[14C]cholesterol, but not [3H]sitostanol, was recovered in hepatic bile of ABCG5(~/-)/G8(-/
-) and ABCG8 (=/-) mice. This indicates that the ABCG5/G8-independent pathway is also
able to regulate hepatic secretion of HDL-derived cholesterol, but not sitostanol. By contrast,
ABCG5/GS8 is involved in the regulation of hepatic secretion of both cholesterol and plant
sterols. These results are consistent with the finding in sitosterolemic patients in whom only
reduced amounts of cholesterol are found in bile and hepatic secretion of plant sterols are
completely inhibited, leading to a significant increase in plasma plant sterol concentrations
(22).

Convincing evidence has also shown that feeding 1% diosgenin for 18 days induced ~16-
fold increases in hepatic cholesterol secretion from 0.5+0.1 nmol/min/100g body weight to
8.7+0.6 nmol/min/100g body weight in chow-fed male FVB/J mice (36). Of special note is
that diosgenin does not influence expression of hepatic and intestinal Abcg5/g8 (36).
Although the mechanism of action of diosgenin in promoting hepatic cholesterol secretion is
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unknown, it is highly likely that the ABCG5/G8-independent, but not ABCG5/G8 pathway
may be responsible for increased hepatic cholesterol secretion. Moreover, biliary cholesterol
secretion was increased over 3-fold in rats fed 1% diosgenin for 5 days, whereas biliary
phospholipid and bile salt secretion was not influenced in these rats (37). These studies
strongly suggest that diosgenin, a plant-derived sapogenin structurally similar to cholesterol,
may be a potential agonist for a candidate gene that is involved in the ABCG5/G8-
independent pathway.

What is the candidate gene that is responsible for the ABCG5/G8-independent hepatic
cholesterol secretion? Based on our findings in the current study and the results reported in
the literature, we attempt to predict the potential physiological characteristic and function of
the candidate gene. It is located on the canalicular membrane of hepatocytes and its primary
role in the regulation of hepatic cholesterol, but not plant sterol secretion is independent of
ABCG5/G8 because the candidate gene can compensate, in part, for the loss of function of
ABCG5/G8, regardless of whether it is in the normal physiological state or in the lithogenic
state. Its regulatory role in hepatic cholesterol secretion is not influenced by LXR through
the transcriptional mechanism, which is totally different from ABCG5/G8. Of note, although
the regulatory effect of ABCG5/G8 on reverse cholesterol transport is greater than that of the
candidate gene, the ABCG5/G8-independent pathway plays an independent role in reverse
cholesterol transport, implying that it could also be involved in the pathogenesis of
atherosclerosis. We are searching for this candidate gene by genetic analysis in inbred mouse
strains with varying amounts of hepatic cholesterol secretion determined by the ABCG5/G8-
independent pathway.

In summary, our results clearly show that the ABCG5/G8-independent pathway plays a
critical role in regulating hepatic cholesterol secretion and in determining the susceptibility
to cholesterol gallstones, working independently of the ABCG5/G8 pathway. Further studies
are needed to observe if this pathway is also operational in humans. Our findings suggest
that both pathways are potential therapeutic targets for gallstones. Furthermore, the current
study constitutes the basic framework for identifying the candidate gene that is responsible
for the ABCG5/G8-independent pathway. More importantly, discovering such a gene may
lead to novel strategies through modulating both the ABCG5/G8 and the ABCG5/G8-
independent pathways for the prevention of cholesterol-related diseases such as cholesterol
gallstones and atherosclerosis that affect millions in Westernized societies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(A) CSI values of pooled gallbladder bile as a function of days on the lithogenic diet in WT,
ABCG5(-/-)/G8(-/-), and ABCG8 (-/-) mice. (B) Photomicrographs of cholesterol
monohydrate crystal and gallstone formation observed in mice after 14, 28, and 56 days on
the lithogenic diet. Notably, although ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice
displayed significantly slower crystallization, growth, and agglomeration of cholesterol
monohydrate crystals compared to WT mice, they still formed gallstones. All magnifications
are 800x by polarizing light microscopy, except for the panels (400x) of day 28 for WT mice
and of day 56 for ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice, and the panel (200x) of
day 56 for WT mice. (C) Gallstone prevalence was significantly higher in WT mice than in
ABCG5(-/-)/G8(-/-) and ABCG8 (—/-) mice and (D) the frequency of stone number was
assessed in these mice after 56 days on the lithogenic diet.
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Figure2.
Relative lipid composition (moles per 100 moles) of pooled gallbladder bile (n=5 per group)

at each time point (0, 14, 28, and 56 days on the lithogenic diet) is plotted on condensed
phase diagrams in which regions A to E with different crystallization sequences have been
described elsewhere (27). With passage of time, relative biliary lipid composition of pooled
gallbladder bile gradually moves upward and to the right and enters the crystallization region
C from the micellar zone in three groups of mice. This indicates that gallbladder bile reaches
supersaturation not only in WT mice, but also in ABCG5(-/-)/G8(-/-) and ABCG8 (-/-)
mice after 14 days on the lithogenic diet.
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(A) Hepatic output of biliary cholesterol and phospholipids, but not bile salts, as well as
ratios of cholesterol/phospholipids and cholesterol/bile salts were significantly reduced in
ABCG5(-/-)/G8(-/-) and ABCG8 (-/-) mice compared to those in WT mice fed the
lithogenic diet for 56 days. Bile flow was comparable among three groups of mice. (B)
There was a dose-dependent increase in mRNA levels and protein concentrations of ABCG5
and ABCG8 in WT mice in response to an increase in dietary cholesterol. (C) Hepatic
cholesterol secretion was increased in a dose-dependent manner not only in WT mice, but
also in ABCG5(—/-)/G8(-/-) and ABCG8 (-/-) mice although biliary cholesterol output
was lower in the latter than in the former. Abbreviations: BS, bile salts; Ch, cholesterol; PL,

phospholipids.
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Figure 4.
(A) Relative lipid composition of individual hepatic bile (n=5 each per group) is plotted on

condensed phase diagrams for average total lipid concentration of 3 g/dL. This system
exhibits the same physical states at equilibrium as for gallbladder bile, but all crystallization
pathways are shifted to left with decreases in total lipid concentration and the one-phase
micellar zone becomes smaller (27). These changes generate new condensed phase
diagrams, with enlarged region E. Relative lipid composition of all hepatic bile is located in
region E, where the bile is composed of liquid crystals and saturated micelles but not solid
cholesterol crystals at equilibrium. After 56 days of the lithogenic diet feeding, (B)
cholesterol/phospholipid ratios, CSI values, and total lipid concentrations of hepatic bile
were significantly reduced in ABCG5(—/-)/G8(—/-) and ABCG8 (-/-) mice compared to
those in WT mice. (C) Bile salt species of hepatic bile and (D) hydrophobic index of bile
salt pool, as well as (E) expression of hepatic Cyp7al and Cyp27a1 were comparable among
three groups of mice. See text for further details. Abbreviations: Ch, cholesterol; CSl,
cholesterol saturation index; PL, phospholipids.
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Figure5.

(A) By 6 hours after the injection of [1*C]cholesterol-labeled HDL, cumulative radioactivity
recovered in hepatic bile was significantly higher in WT mice than in ABCG5(~/-)/G8(~/-)
and ABCGS8 (-/-) mice. However, the HDL-derived [3H]sitostanol was found in WT, but not
ABCG5(-/-)/G8(-/-) or ABCG8 (-/-) mice. The LXR agonist T0901317 significantly
increased (B) mRNA levels and (C) protein concentrations of ABCG5 and ABCG8 in the
liver of WT mice. The LXR agonist significantly (D) augmented hepatic cholesterol output
and (E) promoted gallstone formation in WT, but not ABCG5(-/-)/G8(-/-) or ABCG8 (~/

=) mice.
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Figure 6.

(A) Fasting gallbladder volumes as a function of days on the lithogenic diet. (B) Cholesterol
and cholesteryl ester concentrations in the gallbladder tissues after 56 days of the lithogenic
diet feeding. (C) Postprandial gallbladder emptying rates in response to duodenal infusion of
corn oil or exogenously administered CCK-8 via intravenous injection (as indicated by the
arrows) during the early stage of gallstone formation in mice fed the lithogenic diet for 14
days. Gallbladder emptying was impaired in WT, ABCG5(-/-)/G8(-/-), and ABCG8 (-/-)
mice. (D) The mRNA levels of the genes involved in gallbladder lipid metabolism and
transporters. See text for further description.
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Figure7.
(A) In the basal state, ~65% and ~35% of biliary cholesterol output are determined by the

ABCG5/G8 and the ABCG5/G8-independent pathways, respectively. The cholesterol
molecules secreted by these two pathways form biliary vesicles with phospholipids secreted
by the ABCBA4 transporter. Bile salts are secreted by the ABCB11 transporter, forming
simple and mixed micelles with varying amounts of cholesterol and phospholipids. (B)
When ABCG5/G8 in the liver is disrupted, hepatic cholesterol output is significantly
reduced and the ABCG5/G8-independent pathway plays a major role in regulating biliary
cholesterol secretion. Notably, the resulting vesicles contain less cholesterol. (C) In the
lithogenic state, excess amounts of cholesterol are secreted to bile by the liver through the
ABCG5/G8-independent pathway under conditions of disruption of ABCG5/G8, leading to
supersaturated bile. These abnormalities promote cholesterol crystallization and gallstone
formation in ABCG5(~/-)/G8(-/-) and ABCG8 (-/-) mice. Abbreviations: ABC, ATP-
binding cassette (transporter); BS, bile salts; Ch, cholesterol; LXR, liver X receptor; PL,
phospholipids.
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