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Abstract

Cardiovascular disease is characterized by lipid accumulation, inflammatory response, cell death,
and fibrosis in the arterial wall and is the leading cause of morbidity and mortality worldwide.
Cholesterol gallstone disease is caused by complex genetic and environmental factors and is one of
the most prevalent and costly digestive diseases in the USA and Europe. Although sitosterolemia
is a rare inherited lipid storage disease, its genetic studies led to identification of the sterol efflux
transporters ABCG5/G8 that are located on chromosome 2p21 in humans and chromosome 17 in
mice. Human and animal studies have clearly demonstrated that ABCG5/G8 play a critical role in
regulating hepatic secretion and intestinal absorption of cholesterol and plant sterols.
Sitosterolemia is caused by a mutation in either the ABCG5 or the ABCG8 gene alone, but not in
both simultaneously. Polymorphisms in the ABCG5/G8 genes are associated with abnormal
plasma cholesterol metabolism and may play a key role in the genetic determination of plasma
cholesterol concentrations. Moreover, ABCG5/G8is a new gallstone gene, L/TH9. Gallstone-
associated variants in ABCG5/G8 are involved in the pathogenesis of cholesterol gallstones in
European, Asian, and South American populations. In this chapter, we summarize the latest
advances in the critical role of the sterol efflux transporters ABCG5/G8 in regulating hepatic
secretion of biliary cholesterol, intestinal absorption of cholesterol and plant sterols, the classical
reverse cholesterol transport, and the newly established transintestinal cholesterol excretion, as
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well as in the pathogenesis and pathophysiology of ABCG5/G8-related metabolic diseases such as
sitosterolemia, cardiovascular disease, and cholesterol gallstone disease.
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8.1 Introduction

It is well-known that cholesterol is essential for all cells in the body because it is widely
used as a key structural component for cell membranes and as a central substrate for the
synthesis of other steroids, including bile salts, vitamin D, and sex hormones such as
estradiol, progesterone, androsterone, and testosterone, as well as adrenocortical hormones
such as cortisone and aldosterone [1]. It has been found that the liver and small intestine are
two major organs for cholesterol biosynthesis. Furthermore, high cholesterol biosynthesis in
the liver leads to more very-low-density lipoprotein (VLDL) secreted into plasma, which has
a significant impact on plasma total and low-density lipoprotein (LDL) cholesterol
concentrations. High dietary cholesterol also could contribute an increase in plasma
cholesterol concentrations in most individuals. Elevated plasma total and LDL cholesterol
levels are an important risk factor for the development of cardiovascular disease in humans

[2].

Clinical studies and epidemiological investigations have clearly demonstrated that
cardiovascular disease is a leading cause of death and disability not only in the USA but also
in European and Asian countries. Therefore, the National Cholesterol Education Program
Adult Treatment Panel 111 guidelines [3] along with the 2012 update and the American Heart
Association and American College of Cardiology recommendations [4-7] have proposed a
much lower target for plasma LDL cholesterol concentrations (i.e., <100 mg/dL) for
individuals at high risk for adverse cardiovascular events. As a result, the total number of
patients requiring more aggressive cholesterol-lowering treatment has significantly
increased. Because the cholesterol carried in LDL particles is derived mainly from both de
novo biosynthesis in the liver and intestinal absorption from the diet, a better understanding
of the cellular and molecular mechanisms of elucidating the regulation of hepatic cholesterol
biosynthesis and intestinal cholesterol absorption should lead to novel approaches to the
treatment and the prevention of cardiovascular disease. Despite significant advances in the
treatment of cardiovascular disease, a large number of residual risks in these patients are still
being fully studied. Based on the genetic studies on patients with sitosterolemia [8-10], the
ATP-binding cassette (ABC) sterol efflux transporters ABCG5 and ABCG8, encoded by the
ABCG5and ABCG8 genes, have been identified, which 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 and plant sterols [9, 11-13].

Cholesterol gallstone disease is caused by complex genetic and environmental factors. It is
one of the most common and costly digestive diseases worldwide. In Western countries, 15—
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20% of the populations suffer from gallstones. At least 20 million Americans (~12% of
adults) have gallstones, leading to a considerable financial and social burden in the USA
[14-19]. The prevalence of gallstones appears to be rising due to the epidemic of obesity
that is associated with insulin resistance and the metabolic syndrome [16]. It is estimated
that there are approximately 1 million new cases diagnosed each year [20-22]. Although
most patients with gallstones are asymptomatic, one third of patients eventually develop
clinical symptoms with or without complications [20]. The estimated 1,000,000
cholecystectomies are performed for gallstone disease every year. The annual medical cost
of treating gallstones exceeded $6 billion in 2004 and even higher in 2019 [23]. The burden
of gallstone disease is exacerbated by the fact that laparoscopic cholecystectomy remains the
standard treatment for symptomatic gallstones worldwide [24]. In addition, unavoidable
complications of gallstones result in 3000 deaths (~0.12% of all deaths) per year in the USA
[14]. In general, persons with gallstone disease have increased overall, cardiovascular
disease, and cancer mortality [18]. Most importantly, the prevalence of gallstones is
increasing year by year because of the epidemic of obesity that is associated with insulin
resistance, hyperlipidemia, and the metabolic syndrome.

To reduce the morbidity, mortality, and costs of health care associated with this disease, it is
imperative to decipher the pathophysiology of cholesterol gallstone disease. This would
facilitate the development of a novel, effective, and noninvasive therapy for patients with
gallstone disease. Compelling evidence from the physical-chemical, pathophysiological, and
genetic studies shows that cholesterol gallstone disease is determined by multiple L/th
genes, which is a dominant trait. The principal pathogenic factor is persistent hepatic
hypersecretion of cholesterol into bile, thereby contributing to the formation of cholesterol-
supersaturated gallbladder bile. Clinical studies have found that cholesterol-supersaturated
bile is an essential prerequisite for the precipitation of solid cholesterol monohydrate
crystals and the formation of cholesterol gallstones [23]. Although it has been established
that ABCG5/G8 play a key role in hepatic secretion and intestinal absorption of cholesterol
and plant sterols [9, 11-13] and in the pathogenesis of sitosterolemia in patients [8-10], the
Abcg5/g8 has also been identified as the mouse gallstone gene, Lith9, on chromosome 17 by
quantitative trait locus (QTL) linkage analysis [25-28]. Subsequently, the ABCG5/G8was
found to be associated with cholesterol gallstone disease in patients, and two gallstone-
associated variants in ABCG5/G8 (ABCG5-R50C and ABCG8-D19H) were identified not
only in Germans and Chileans but also in Chinese and Indians [29-34]. These findings
indicate the importance of ABCG5/G8as LITH9in the pathogenesis of gallstones not only
in mice but also in humans [14].

In this chapter, we summarize the latest advances in the critical role of the sterol efflux
transporters ABCG5/G8 in regulating hepatic secretion of biliary cholesterol, intestinal
absorption of cholesterol and plant sterols, and reverse cholesterol transport, as well as in the
pathogenesis and pathophysiology of ABCG5/G8-related metabolic diseases such as
sitosterolemia, cardiovascular disease, and cholesterol gallstone disease.
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8.2 Chemistry of Cholesterol and Plant Sterols

By definition, a steroid is a biologically active organic compound with four rings arranged in
a specific molecular configuration, including the sterols, hormones (such as anabolic
steroids or corticosteroids), and glycosides. The steroid core structure is typically composed
of 17 carbon atoms, bonded in 4 “fused” rings: 3 6-member cyclohexane rings, called the A,
B, and C rings, and 1 5-member cyclopentane ring, named the D ring [1]. It is well-known
that the basic chemical structure of steroids has a nucleus containing the four-ringed carbon
skeleton of cyclopentenophenanthrene and the numbering of the carbon atoms in steroids
[1]. Furthermore, sterols are various solid steroid alcohols that are widely distributed in
human, animal, and plant lipids. It is often called cholesterol in humans and animals, as well
as phytosterols, or plant sterols, in plants.

As shown in Fig. 8.1, the basic chemical structure of the cholesterol molecule includes (i)
the perhydrocyclopentenophenanthrene nucleus with its four fused rings, (ii) a single
hydroxyl group at C-3, (iii) a double bond between C-5 and C-6, (iv) an eight-membered
branched hydrocarbon chain attached to C-17 in the D ring, and (v) a methyl group (C-19)
attached to C-10, and a second methyl group (C-18) attached to C-13. Furthermore, in the
esterified form, a long-chain fatty acid, usually linoleic acid, is attached by ester linkage to
the hydroxyl group at C-3 in the A ring. Similar to cholesterol in humans and animals,
phytosterols, which encompass plant sterols and stanols, are phytosteroids, which occur in
plants and vary only in carbon side chains and/or presence or absence of a double bond.
Stanols are saturated sterols, having no double bonds in the sterol ring structure (Fig. 8.1).

8.3 Discovery of the Sterol Efflux Transporters ABCG5/G8

The ATP-binding cassette (ABC) transporters are a family of large proteins in cell
membranes. Using the energy from the ATP hydrolysis, these ABC transporters can make an
active transport of various compounds crossing the cell membranes against steep
concentration gradients [35]. Hitherto, 48 ABC genes have been found in the human genome
[36]. The major physiological functions of these ABC transporters are involved in an active
transport of a wide variety of substrates across extracellular and intracellular membranes,
which include lipids, amino acids, sugars, vitamins, metals, drugs (xenotoxins) and drug
conjugates, and peptides for antigen presentation or other purposes [37]. Of the 48 human
ABC proteins, a significant number are known to mediate the extrusion of lipids from
membranes or the flipping of membrane lipids across the bilayer to generate and maintain
membrane lipid asymmetry [38]. For example, the bile salt export pump, ABCBL11, is
responsible for hepatic secretion of biliary bile salts. Other members of the subfamily of
ABC transporters such as ABCB4, ABCG1, ABCC2, and ABCA1 implicated in lipid
transport play important roles in diverse biological processes involving hepatic phospholipid
secretion, cell signaling, membrane lipid asymmetry, removal of potentially toxic
compounds and metabolites, and apoptosis [39]. The importance of the ABC lipid
transporters in cell physiology is revealed based on the finding that mutations in the genes
encoding many of these proteins are responsible for severe inherited diseases. At least 14
ABC genes have been found to be associated with a defined human disease due to genetic
defects [40]. Especially, several ABC transporters are involved in inborn errors relevant to
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metabolic disorders [41]. For example, Tangier disease is caused by mutations in the
ABCA1 gene, which is associated with defective efflux of cholesterol and
phosphatidylcholine from the plasma membrane to the lipid acceptor protein, apolipoprotein
A-1 (apoA-I) [42]. In addition, relative phospholipid deficiency is caused mostly by missense
mutations in the ABC subfamily B member 4 (ABCB4) gene, also known as the multidrug
resistance protein 3 (MDR3) gene. The ABCB4 gene encodes for an energy-dependent
phospholipid efflux translocator at the canalicular membrane of the hepatocytes, which
facilitates the transport of phospholipids from the inner to the outer canalicular membrane of
hepatocytes for hepatic secretion into canalicular bile [43-46].

The half-transporters, ABCG5 and ABCGGS, are found to heterodimerize into a functional
transport. The genes, ABCG5 and ABCGGS, encoding these transporters are highly
expressed in the liver and small intestine of both humans and mice [47-49]. The ABCG5/G8
genes are located on chromosome 2p21 in humans and chromosome 17 in mice. The two
proteins form heterodimers in the endoplasmic reticulum and then traffic to the canalicular
membrane of hepatocytes and the apical membrane of enterocytes where they transport
neutral sterols into bile and into the gut lumen, respectively [48]. Further cellular and
molecular studies found that ABCG5/G8 play a critical role in regulating hepatic secretion
and intestinal absorption of cholesterol and plant sterols. Mutations in either ABCG5 or
ABCGE cause sitosterolemia [8-10], which is an autosomal recessive disorder characterized
by phytosterolemia, hypercholesterolemia, and premature coronary heart disease [50].

8.4 Physiological Functions of ABCG5/G8

Many studies have found that almost all the cells in the body need a continuous supply of
cholesterol. As a result, a series of complex and sophisticated transport, biosynthetic, and
regulatory mechanisms have developed in humans and animals [51, 52]. Under normal
physiological conditions, cholesterol is obtained from the intestinal absorption of dietary and
biliary cholesterol, as well as the newly synthesized de novo from acetyl CoA in the body.
However, because human and animal tissues do not possess enzymes that can degrade the
ring structure of this sterol, cholesterol cannot be metabolized to CO, and water in the body.
Therefore, to prevent a potentially hazardous accumulation of cholesterol in the body, excess
cholesterol must be metabolized to other compounds and/or excreted in the feces. This
challenging task is usually accomplished by chemical modifications of certain substituent
groups on the hydrocarbon tail or on the ring structure of the cholesterol molecule.
Subsequently, excess cholesterol is excreted from the body essentially either as the unaltered
molecule (i.e., in both unesterified and esterified forms) or after structural modifications to
other sterol products such as bile salts and steroid hormones.

It has been recognized that the cholesterol molecule is a key lipid component of mostly all
the cell membranes, as well as is the precursor of various steroid hormones such as the sex
hormones (estrogen, progesterone, and testosterone) and corticosteroids (cortisone,
corticosterone, cortisol, and aldosterone) [53-56]. Moreover, during the biosynthesis of bile
salts in the liver, cholesterol is mainly converted into bile salts. As a result, large amounts of
biliary cholesterol and bile salts are simultaneously secreted to bile. This dramatically
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reduces plasma cholesterol concentrations and greatly enhances removal of excess amounts
of cholesterol from the body.

Because cholesterol is virtually insoluble in an aqueous solution, e.g., water, the mechanisms
for cholesterol solubilization in plasma and bile are complex. It is well-known that
cholesterol is mainly carried by lipoproteins in plasma and by micelles and vesicles in bile.
If excess cholesterol is accumulated in the artery wall, it leads to atherosclerosis and causes
cardiovascular disease. If excess cholesterol cannot be dissolved in bile by bile salts and/or
phospholipids, it precipitates as plate-like solid cholesterol monohydrate crystals, thus
leading to the formation of cholesterol gallstones in the gallbladder and/or the bile duct.

Based on animal studies [57-59], several pathways have been identified for elucidating the
net flow of cholesterol through the major tissue compartments of the human, which explains
how the cholesterol pool in the body is kept essentially constant. New cholesterol is added to
the pool mainly from two sources: the absorbed cholesterol from dietary and biliary origins
across the epithelial cells of small intestinal tract and the newly synthesized cholesterol in a
variety of different tissues in the body, predominantly in the liver and small intestine. The
availability of dietary and biliary cholesterol to the body varies tremendously in different
individuals, and the consumed amounts of dietary cholesterol also vary dramatically from
day to day [57-68]. The total amount of cholesterol from the small intestine to the body also
depends mainly on the absorption efficiency of intestinal cholesterol and the amount of
cholesterol that is consumed daily. Additionally, bile cholesterol is reabsorbed by the small
intestine, which provides about two thirds of the total daily amount of cholesterol originating
from the intestine [2]. The rate of cholesterol biosynthesis in the liver varies extremely in
different individuals. The absorbed cholesterol from the small intestine can regulate hepatic
cholesterol synthesis, depending on the amount of daily food intake, through a negative
regulatory mechanism.

Taken together, the regulatory mechanisms on cholesterol metabolism must be operative,
which can accurately and sophisticatedly adjust the rate of cholesterol biosynthesis in the
body and the rate of cholesterol excretion from the body to accommodate the varying
amounts of cholesterol that are absorbed by the small intestine at different times. Basically,
these regulatory mechanisms on cholesterol metabolism work well. Therefore, there is little
net accumulation of excess cholesterol in the body, and yet sufficient cholesterol is always
available to meet the metabolic needs of the various cells. However, delicate imbalances lead
to an increase in plasma cholesterol concentration and/or hepatic cholesterol hypersecretion
in humans [69-72]. In the cardiovascular system, this metabolic abnormality often causes an
accumulation of excess cholesteryl esters within the wall of arteries, leading to clinically
apparent atherosclerosis mainly in the heart and brain and causing cardiovascular disease
[73-80]. In the biliary system, when an imbalance of cholesterol metabolism in bile occurs,
gallbladder bile becomes supersaturated with cholesterol, thereby promoting the
precipitation of plate-like solid cholesterol monohydrate crystals and, eventually, leading to
clinically apparent cholesterol gallstone formation [81-91].

Because the sterol efflux transporters ABCG5/G8 play a key role in the regulation of
cholesterol metabolism in bile and plasma and in the maintenance of cholesterol
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homeostasis in the body, we will discuss the regulatory mechanisms of ABCG5/G8 in (i)
hepatic secretion of biliary cholesterol; (ii) intestinal absorption of cholesterol and plant
sterols; (iii) reverse cholesterol transport; and (iv) transintestinal cholesterol excretion.

(&) Hepatic secretion of biliary cholesterol

Bile is composed mainly of water, organic solutes, and inorganic electrolytes. Cholesterol,
phospholipids, and bile salts are three major lipid species in bile, which account for
approximate 99% of total lipids by weight. Bilirubin is a minor solute and represents less
than 1% of biliary lipids. Hepatic secretion of biliary cholesterol and its degradation product,
bile salts, represents the major route for elimination of cholesterol from the liver and,
eventually, from the body. After entering the intestinal lumen, bile salts play an important
role in the emulsification of dietary lipids and the breakdown of large lipid globules into a
suspension of droplets for intestinal absorption. In addition, bile salts promote the intestinal
absorption of cholesterol, fatty acids, fat-soluble vitamins (A, D, E, and K), and certain
drugs.

Hepatic secretion of biliary lipids is determined by four members of the family of ABC
transporters on the canalicular membrane of hepatocytes: ABCB4 for phospholipids,
ABCBL11 for bile salts, ABCG5/G8 for cholesterol, and ABCC2 for bilirubin (Fig. 8.2).
Most, if not all, bile salts enter the canalicular space as monomers, whereas biliary
phospholipids and cholesterol could enter together as unilamellar vesicles. Bile salts play a
critical role in promoting hepatic secretion of vesicles that are always found in hepatic bile
by quasi-elastic light-scattering spectroscopy and electronic microscopy with rapid fixation
techniques. These imaging studies have provided clear morphologic evidence of the vesicle
formation and secretion on the outer surface of the canalicular membrane of hepatocytes
during the bile formation.

Although biliary phospholipids are derived possibly from the cell membranes of
hepatocytes, their compositions differ significantly. The cell membranes of hepatocytes
contain a large amount of phosphatidylcholine (i.e., lecithin), phosphatidylethanolamine,
phosphatidylinositol, phosphatidylserine, and sphingomyelin. The major source of the
phosphatidylcholine molecules destined for hepatic secretion into bile is its synthesis in the
liver. However, a fraction of biliary phosphatidylcholines may also originate from the
surface phospholipid coat of HDL particles. In the early 1990s, it was first reported that
hepatic phospholipid secretion is a protein-mediated process because deletion of the Abcb4
gene completely inhibits hepatic phospholipid secretion in mice [43]. This important study
provided clear evidence for the first time that a P-glycoprotein member of the multidrug
resistance gene family, ABCB4, plays a key role in regulating hepatic secretion of biliary
phospholipids [43]. Studies from cryoelectron microscopy with rapid fixation techniques
found that the knockout of the Abcb4 gene in mice dramatically reduces the formation and
secretion of vesicles on the outer surface of the canalicular membrane of hepatocytes [92—
94]. 1t is highly likely that ABCB4 could be responsible for the translocation or “flip” of
phosphatidylcholines from the endoplasmic (inner) to ectoplasmic (outer) leaflet of the
canalicular membrane bilayer, and the action of ABCB4 may form phosphatidylcholine-rich
microdomains within the outer membrane leaflet [95-99]. Notably, the ectoplasmic leaflet of
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the canalicular membrane is composed mainly with cholesterol and sphingomyelin.
However, such chemical structure is quite resistant to penetration by bile salts. Thus, bile
salts may interact with the canalicular membrane of hepatocytes and partition preferentially
into these areas, enhancing biliary secretion of phosphatidylcholine-rich vesicles by
destabilizing the membrane because of detergent-like properties of bile salts. Furthermore,
mutations in the ABCB4 gene are the molecular defect underlying progressive familial
intrahepatic cholestasis, type Il in humans [99-104]. In addition, biliary phospholipids can
dramatically solubilize excess cholesterol in bile through a vesicle mechanism. Low
phospholipid-associated cholelithiasis is characterized mainly by the occurrence of
gallbladder and intrahepatic microlithiasis in young adults associated with mutations in the
ABCB4 gene [105-107]. To study the pathogenesis of low phospholipid-associated
cholelithiasis, gallstone phenotypes have been systematically investigated in the ABCB4
knockout mouse model. It is interesting to find that even on the chow diet containing trace
amounts of (<0.02%) cholesterol, ABCB4 knockout mice can spontaneously develop
gallstones that are composed mainly of needle-shaped anhydrous cholesterol crystals [98].
These anhydrous cholesterol crystals and gallstones are formed in phospholipid-deficient
gallbladder bile with its relative biliary lipid composition that is located in the far left
crystallization region of the phase diagram [108]. These studies support the concept that this
gene is a monogenic risk factor for this “peculiar” form of cholesterol gallstones and a target
for novel therapeutic strategies in humans.

After bile salts are secreted into bile and enter the intestine, approximately 95% of the
secreted bile salts are absorbed through an active transport mechanism by a specific bile salt
transporter, apical sodium-dependent bile salt transporter expressed predominantly in the
distal ileum [109-111]. These absorbed bile salts return to the liver through the
enterohepatic circulation. As a result, the newly synthesized bile salts in the liver contribute
only a small fraction (less than 5%) to biliary secretion, which compensate for bile salts that
escape intestinal absorption and are lost in the feces. Therefore, there are two sources for
hepatic bile salt secretion, which consist of those that are newly synthesized in the liver and
those undergoing enterohepatic cycling [109, 112, 113]. In the late 1990s, the transporter
ABCBL11, also called the bile salt export pump, on the canalicular membrane of hepatocytes,
was discovered to play a key role in hepatic secretion of biliary bile salts [114-118].
Deletion of the Abcb11 gene in mice completely impedes hepatic bile salt secretion. The
cellular and molecular mechanisms by which bile salt secretion is coupled to cholesterol and
phospholipid secretion are still under extensive investigations. Notably, hepatic secretion of
bile salts could directly affect phospholipid vesicle secretion [119-122]. The relationship
between bile salt secretion and cholesterol secretion has been found to be curvilinear. At a
low hepatic bile salt secretion rate (<10 umol/h/kg), more biliary cholesterol is secreted per
molecule of bile salts compared to that at a higher rate. Although biliary bile salt secretion is
not often low in healthy individuals, it could be reduced during prolonged fasting, during the
overnight period, and with substantial bile salt losses such as with a biliary fistula or ileal
resection when the liver cannot sufficiently compensate with increased bile salt synthesis. In
contrast, at a high bile salt secretion rate, for example, during and after eating, biliary
saturation is less compared to that during the interprandial period. Although biliary organic
anion secretion does not influence bile acid secretion, it inhibits hepatic secretion of biliary
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phospholipids and cholesterol because organic anions can bind bile salts within the bile
canaliculi and curtail interactions with the canalicular membrane of hepatocytes.

Many animal and human studies have found that bile salts promote vesicle secretion by the
hepatocytes, and these unilamellar vesicles are always found in freshly collected hepatic bile
[123-128]. In the early 2000s, genetic studies in patients with sitosterolemia revealed that
the efflux of biliary cholesterol from the canalicular membrane of hepatocytes to bile is a
protein-mediated process [8, 9, 129-139], which is determined by the sterol efflux
transporters ABCG5/G8. Mutations in either ABCG5 or ABCG8 significantly reduce biliary
cholesterol secretion in patients with sitosterolemia. The key role of ABCG5/G8 in hepatic
cholesterol secretion has been investigated in genetically modified mice [11, 12, 140-142].
Overexpression of the human ABCG5/G8 gene in the liver increases the cholesterol content
of gallbladder bile in transgenic mice. In contrast, hepatic secretion of biliary cholesterol is
dramatically reduced in ABCG5/G8 double knockout mice, as well as in ABCG5 or ABCG8
single gene knockout mice. More interestingly, clinical studies found that sitosterolemia is
caused by a mutation in either the ABCG5 or the ABCG8 gene alone, but not in both
simultaneously, and hepatic cholesterol secretion is dramatically reduced, but not completely
eliminated in these patients [50, 135, 143, 144]. To further study the cellular and molecular
mechanisms underlying the key role of ABCG5/G8 in biliary sterol secretion, biliary
cholesterol and sitostanol secretion is quantified for 6 h in ABCG8 knockout mice. Mass
transport rate of [3H]sitostanol from plasma HDL into bile is significantly faster than that of
[14C]cholesterol in wild-type mice; however, reduced amounts of [#C]cholesterol and no
[3H]sitostanol are detected in bile of ABCG8 knockout mice [141]. These results indicate
that knockout of the Abcg8 gene alone significantly reduces but does not eliminate hepatic
cholesterol secretion. In addition, biliary cholesterol secretion studies uncovered that hepatic
cholesterol output is dramatically diminished, but cholesterol is still secreted into bile in
mice with the targeted deletion of either Abcg5 or Abcg8alone, or both [11-13, 141, 145].
In agreement with the human data, these mouse results imply that an ABCG5/G8-
independent pathway could also be involved in the regulation of hepatic cholesterol
secretion in both humans and mice. In addition, scavenger receptor class B type | (SR-BI),
the HDL receptor, is expressed mainly in the sinusoidal and, perhaps, in the canalicular
membrane of hepatocytes. In transgenic and knockout mice, biliary secretion of cholesterol
varies in proportion to the hepatic expression of SR-BI, and the established contribution of
SR-BI to sinusoidal uptake of HDL cholesterol is destined for secretion into bile [146-148].
These studies indicate that SR-BI could play a critical role in the reverse cholesterol
transport in the body.

Intestinal absorption of cholesterol and plant sterols

Cholesterol is the most abundant steroid in human and animal tissues and in the intestinal
lumen. It is poorly soluble in an aqueous environment. In addition to a double bond at C-5
and C-6 nucleus and a hydroxyl group on the third carbon of the cholestene nucleus (Fig.
8.1), the B-configuration is connected with the angular methyl groups at C-10 and C-13, the
hydrogen atom at C-8, and the side chain at C-17. The hydrogen atoms at C-9 and C-14 are
in the a-configuration [149].
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Phytosterols, also called plant sterols, refer to sterols that originate from plants. These are
abundant in the intestine, but not in human and animal tissues. As shown in Fig. 8.1, plant
sterols are naturally occurring, and their chemical structures are very similar to cholesterol,
i.e., a AS double bond and a 3@-hydroxyl group, but with structural modifications of the side
chain. Plant sterols have the same basic importance in plants as cholesterol in animals,
playing a vital role in cell membrane function. Sitosterol and campesterol, which are 24-
ethyl and the 24-methyl substituted variants of cholesterol, respectively, are the most
abundant plant sterols [149]. They are consumed in the diet and may be absorbed in the
intestine. However, they are often present only at very low plasma concentrations in human
and animal tissues due to a poor (<5%) net absorption rate by the small intestine. Other
sterols such as brassicasterol and isofucosterol may also originate from shellfish.

As shown in Fig. 8.3, within the intestinal lumen, the micellar solubilization of cholesterol
and fatty acids facilitates movement through the diffusion barrier overlying the surface of the
absorptive cells. In the presence of bile salts, mixed micelles deliver large amounts of the
cholesterol molecules to the aqueous-membrane interface so that the uptake rate is greatly
increased. Human and animal studies have found that the Niemann-Pick C1 like 1
(NPC1L1) protein, a sterol influx transporter, is expressed at the apical membrane of the
enterocytes and can actively facilitate the uptake of cholesterol by promoting the passage of
cholesterol across the brush border membrane of the enterocytes. Moreover, NPC1L1 plays
a key role in the ezetimibe-sensitive cholesterol absorption pathway [150-154], which is
highly likely to make the influx of cholesterol and likely plant sterols from the intestinal
lumen into the cytoplasm of enterocytes. NPC1L1 could mediate cholesterol uptake via
vesicular endocytosis, and ezetimibe may inhibit cholesterol absorption by suppressing the
internalization of NPC1L1/cholesterol complex. In contrast, ABCG5/G8 are apical sterol
export pumps promoting active efflux of cholesterol and plant sterols from the enterocytes
back into the intestinal lumen for fecal excretion [8, 9, 12, 47, 48, 131, 141, 155-158]. The
combined regulatory actions of NPC1L1 and ABCG5/G8 play a pivotal role in modulating
the amount of cholesterol that reaches the lymph from the intestinal lumen. These findings
imply that intestinal cholesterol absorption is a multistep process that is regulated by
multiple genes at the enterocyte level and that 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 [159]. In addition, 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR) is the rate-limiting enzyme for cholesterol
biosynthesis in the body [160-165]. Cholesterol that is synthesized de novo from acetyl CoA
in different organs (i.e., the liver and small intestine) is the second major source to the body
[166-173]. The absorbed cholesterol molecules, as well as some that are newly synthesized
from acetate by HMGCR within the enterocytes, are esterified to fatty acids by acyl-
CoA:cholesterol acyltransferase isoform 2 (ACAT2) to form cholesteryl esters. Furthermore,
there are three putative pathways for uptake of fatty acids and their transport across the
apical membranes of enterocytes, either by simple passive diffusion mostly for short-chain
fatty acids or by multiple transporters and proteins such as fatty acid transport protein 4
(FATP4), CD36 (also referred to as fatty acid translocase), and plasma membrane-associated
fatty acid-binding protein (FABPpm; 43 kDa) largely for medium- and long-chain fatty
acids. Finally, all of these lipids are used for the assembly of chylomicrons, which also
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requires the synthesis of apoB-48 and the activity of microsomal triglyceride transfer protein
(MTTP). The core of chylomicrons secreted in lymph contains triglycerides and cholesteryl
esters, and their surface is a monolayer containing phospholipids (mainly
phosphatidylcholine), unesterified cholesterol, and apolipoproteins such as apoB-48, apoA-I,
and apoA-1V [149].

Although daily intake of cholesterol and plant sterols from the diet is almost equal, the
intestinal absorption efficiency is significantly lower in the latter compared to the former.
For example, the absorption efficiency of sitosterol and campesterol is 5-8% and 9-18%,
respectively [174], compared with 30-60% of intestinal cholesterol absorption in humans
[175-179]. It is highly likely that most of the plant sterols that do enter the enterocyte are
rapidly pumped back into the intestinal lumen for excretion, as done by the actions of
ABCG5/G8. In addition to poor net absorption, plant sterols are more efficiently secreted
into bile compared to cholesterol. These combined mechanisms maintain plasma plant sterol
concentrations at less than 1 mg/dL in humans. Because plant sterols are insoluble, they
must be esterified and incorporated into triglycerides in margarines in order to achieve high
concentrations within the intestine [180]. It has been found that large amounts of plant
sterols could interfere with intestinal cholesterol absorption. The basic mechanism of
inhibitory action of these compounds could be that plant sterols are efficiently incorporated
into micelles in the intestinal lumen, displace the cholesterol, and lead to its precipitation
with other, non-solubilized plant sterols [131, 158, 181-183]. Furthermore, competition
between cholesterol and plant sterols for incorporation into micelles and for transfer into the
brush border membrane could partly explain the inhibitory effect of large amounts of plant
sterols on intestinal cholesterol absorption. This reduces both hepatic cholesterol and
triglyceride contents by reducing delivery of intestinal cholesterol to the liver via
chylomicrons. Because cholesterol absorption from dietary and biliary sources is reduced in
the presence of plant sterols, the unabsorbed cholesterol excreted in the feces is substantially
increased. Overall, plasma total and LDL cholesterol concentrations are lowered by two
different mechanisms: reduced availability of cholesterol for incorporations into VLDL
particles and increased expression of LDL receptor in the liver.

The identification of defective structures in the sterol efflux transporters ABCG5/G8 in
patients with sitosterolemia indicates that cholesterol absorption is a selective process; also
the activities of ABCG5/G8 provide an explanation for the selectivity against plant sterols so
that plant sterols are absorbed poorly [159]. The NPC1L1 is also expressed at the apical
membrane of enterocytes and plays a decisive role in the ezetimibe-sensitive cholesterol
absorption pathway. As discussed above, intestinal cholesterol absorption is a multistep
process that is regulated by multiple genes at the enterocyte level. The significant inter-
individual differences in cholesterol absorption efficiency found in humans and the
variations observed in inbred strains of mice strongly suggest that many additional genes
may be involved in the regulation of intestinal cholesterol absorption. These differences also
provide opportunities to apply advanced genetic techniques to identify the responsible genes
that contribute to the regulation of intestinal lipid absorption. A better understanding of the
cellular and molecular mechanisms whereby cholesterol and plant sterols are absorbed in the
small intestine may provide more molecular targets for patients who require aggressive
cholesterol-lowering therapy [149].
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(c) Reverse cholesterol transport

Many clinical and animal studies have revealed that there are two major pathways for the
removal of cholesterol from the body [184]. In humans and animals, hepatic secretion of
biliary cholesterol across the canalicular membrane of hepatocytes is an important route for
removing cholesterol from the body. Moreover, the cholesterol molecule can be metabolized
to other compounds such as bile salts, which, in turn, are excreted from the body through the
intestinal tract and eventually in the feces. Notably, the sterol efflux transporters ABCG5/G8
on the canalicular membrane of hepatocytes are responsible for regulating hepatic secretion
of biliary cholesterol [11, 12, 140, 142, 185], and the bile salt export pump, ABCB11, plays
a critical role in hepatic secretion of biliary bile salts [186]. These transporters in the liver
has a vital impact on determining excretion of excess cholesterol from the body, either as
unesterified cholesterol or as its metabolic products, bile salts.

In the mid-1960, the definition of the reverse cholesterol transport and the speculated role of
HDL in promoting this process were first proposed [187]. Classically, the reverse cholesterol
transport is a process involved in the removal of excess cholesterol that is accumulated in the
peripheral tissues (e.g., macrophages in the aortae) by HDL, transporting it to the liver for
excretion into the feces via the bile (Fig. 8.4). In the 1980s and 1990s, many results from
animal studies strongly supported the concept that HDL could play a critical role in
protecting against cardiovascular disease [188-191]. Subsequently, numerous clinical
studies found that plasma HDL is the smallest lipoprotein particles and contains the highest
proportion of apolipoproteins to lipids compared to LDL, VLDL, and chylomicrons.
Although the molecular and genetic mechanisms underlying its beneficial properties in
humans are not fully understood, HDL is most widely recognized for its ability to promote
cholesterol efflux from the macrophages and other cells in the extrahepatic tissues and
transport cholesterol from the periphery to the liver for hepatic secretion and, subsequently,
fecal excretion. Obviously, during the process of the reverse cholesterol transport, the
deposition of cholesterol in the peripheral tissues, including the aortae, is greatly reduced
[192-194]. Many animal studies have consistently found that HDL is protective on several
processes that are involved in preventing atherosclerosis, at least in part by mediating the
removal of cholesterol from lipid-laden macrophages through the reverse cholesterol
transport [189, 195, 196].

The major HDL-associated apoA-I and apoA-Il are secreted into plasma by the liver and
intestine, where they are lipidated to form lipid-poor, discoidal, nascent HDL. Nascent HDL
takes up cholesterol from cell membranes and other lipoproteins. Many studies have been
performed to investigate whether an increase in plasma HDL cholesterol concentrations
reduces the risk of developing cardiovascular disease. Substantial evidence from
epidemiological investigations and clinical studies has clearly demonstrated that the level of
plasma HDL cholesterol, especially at average to slightly above average concentrations, is
inversely related to the incidence of cardiovascular disease and its thrombotic complications.
Prospective population studies have found that humans with HDL cholesterol levels of 6-7
mg/dL, i.e., higher than average, have a 20-27% decrease in the risk of developing
cardiovascular disease, and increasing HDL cholesterol levels by 1 mg/dL may reduce the
risk of cardiovascular disease by 2% in men and 3% in women. Increasing plasma HDL
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cholesterol concentrations has been found to prevent atherogenesis and protect against
atherosclerosis in mice, rabbits, and humans. When reconstituted HDL or apoA-I is provided
exogenously, regressive changes in atherosclerotic plaques are found in human studies.
Transgenic expression of the human APOA/ gene increases HDL and suppresses
atherosclerosis in APOE knockout mice, and genetic lowering of plasma HDL in mice
reduces the appearance of macrophage-derived cholesterol in feces. Collectively, these
results from human and animal studies have led to the idea that increasing plasma HDL may
be a new strategy for the treatment and the prevention of cardiovascular disease.

Although most published studies attribute the atheroprotective properties of HDL to HDL, a
lot of results also reveal that HDL3 may be inversely related to the risk of developing
cardiovascular disease. More recently, clinical studies of HDL metabolism have focused
mainly on plasma total HDL cholesterol concentrations, but not on each HDL subclass. In
addition, cardiovascular risk associated with HDL cholesterol levels is independent of
plasma LDL cholesterol concentrations, as well as other lipid parameters (e.g., triglycerides
and total cholesterol), and non-lipid risk factors. Although the concept has been proposed for
many years that therapeutic interventions of increasing plasma HDL cholesterol levels could
potentially reduce cardiovascular mortality [197], pharmacologic interventions to augment
HDL cholesterol concentrations by delaying HDL catabolism do not translate into a marked
reduction in cardiovascular risk. Therefore, the inability of therapies of increasing HDL
cholesterol concentrations and new insights into the complexity of HDL composition and
function have prompted researchers to further explore whether and how HDL exerts its
cardioprotective functions [198-200]. Nevertheless, systematic interpretation of HDL
metabolism could help identify therapeutic targets that may increase plasma HDL
cholesterol concentrations and reduce the risk of developing cardiovascular disease.

(d) Transintestinal cholesterol excretion (TICE)

For many years, the reverse cholesterol transport is considered as an important route for
transporting excess cholesterol that is accumulated within peripheral tissues back to the liver
for hepatic secretion into bile and, eventually, to intestine for excretion in the feces. Some
studies on patients with hepatobiliary and/or pancreatic disorders and several animal models
with obstruction of the bile duct or cholestasis have found a novel non-biliary transport route
likely for reverse cholesterol transport, independent of classical pathway of the reverse
cholesterol transport through the liver. In the late 1950s, a secondary, non-biliary pathway
was proposed, which was defined as the transintestinal cholesterol excretion (TICE) [201]. It
is suggested that the TICE may contribute a new way to the reverse cholesterol transport.
However, these studies were greatly criticized about the selection of patients and animal
models because dramatic diminution or discontinuation of bile flow entering the small
intestine could damage the normal physiological function of the epithelial cells of small
intestine. Moreover, these alterations could lead to a remarkable reduction in intestinal lipid
absorption because of a lack of bile salts. Such results with a striking increase in fecal
neutral sterols were questioned because these studies were performed under conditions of
severe hepatobiliary disease and inappropriate experimental approaches. Consequently, the
TICE was not accepted even though this new concept challenged the classical view of the
reverse cholesterol transport by showing that the small intestine is also highly likely to be
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involved in mass fecal neutral sterol excretion, independent of the biliary cholesterol
excretion route. In the mid-2000s, using different mouse models with new experimental
methods, some exciting data were reported that direct transintestinal excretion of plasma-
derived cholesterol might contribute to the reverse cholesterol transport in mice [202, 203].
Based on the results from these mouse experiments, it is estimated that this non-biliary route
may account for ~30% of total fecal neutral sterol excretion under basal conditions and
could be regulated by several nuclear receptors such as liver X receptor (LXR), peroxisome
proliferator-activated receptor-delta (PPAR-8), and farnesoid X receptor (FXR) [204, 205].
Moreover, some results from animal studies suggest that this non-biliary route may be a
novel therapeutic target to increase reverse cholesterol transport and, in this manner, confer
protection against cardiovascular disease [205]. Although in vitro studies for examining the
activity of this transintestinal route have been reported in explants from human small
intestine mounted in Ussing chambers [206], the existence and importance of the TICE route
in humans have not been established because of some difficult technical issues and
methodology.

Interestingly, the contribution of TICE to total fecal neutral sterol excretion is recently
studied in a small number of subjects [207]. Combining a cholesterol balance approach with
stable isotopes that label cholesterol and bile salt molecules, the body cholesterol fluxes are
analyzed in subjects with mild hypercholesterolemia. After 4 weeks of ezetimibe (10 mg/
day) treatment for inhibiting the intestinal cholesterol influx transporter NPC1L 1, the same
studies are performed in the subjects eating a regular meal. Under basal conditions, the
classical reverse cholesterol transport could contribute approximately 65% of daily fecal
neutral sterol excretion, and it is likely that the TICE accounts for the remainder (~35%), as
shown in Fig. 8.5. More interestingly, ezetimibe-treated subjects display a fourfold increase
in total fecal neutral sterol excretion most likely through the TICE. To further confirm the
results reported from human studies, chow-fed ABCG8 knockout and wild-type mice are
treated with ezetimibe at 0 or 8 mg/kg/day for 2 weeks. As a result, most of the ezetimibe-
modulated TICE flux is likely to be determined by the intestinal sterol efflux transporters
ABCG5/G8. These studies suggest that TICE may exist in humans, and most of the
ezetimibe-modulated TICE flux may be regulated by ABCG5/G8. For that reason, the TICE
may be a new therapeutic target to enhance the removal of excess cholesterol from the body
in patients at risk for cardiovascular disease. It is highly likely that the TICE may be an
alternative route to the biliary route of the reverse cholesterol transport. However, it is
imperative to explore the cellular and molecular mechanisms underlying the pivotal role of
the TICE alone in the regulation of reverse cholesterol transport in humans [208]. More
importantly, it is crucial to decipher whether the TICE could excrete more cholesterol from
the body in patients with hypercholesterolemia, as well as how the TICE works together
with the classical biliary route and whether it is fully independent from the latter. In
addition, it is critical to elucidate whether there is a striking difference between the fasting
state and the fed condition for the TICE to regulate plasma cholesterol, HDL, and LDL
metabolism. More studies are also needed to investigate how the TICE is regulated in the
normal physiological state, as well as under conditions of high plasma total and LDL
cholesterol concentrations. With new experimental techniques, it is crucial for exploring
whether the TICE is associated with the absorption efficiency of intestinal cholesterol
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because it is well-known that ABCG5/GS8 is actively involved in regulating both the TICE
and intestinal cholesterol absorption. Definitely, it is interesting to study whether
abnormality in the molecular and genetic regulation of the TICE is associated with the
prevalence of cardiovascular disease in humans [208]. Taken together, the TICE might
provide a new target for the prevention and the treatment of cardiovascular disease.

8.5 Roles of ABCG5/G8 in Pathophysiology of Lipid-Related Metabolic

Disorders

(a) Sitosterolemia

Sitosterolemia was first reported by Bhattacharyya and Connor in 1974 based on a clinical
study on two sisters with tendon xanthomas and with elevated plant sterol concentrations in
plasma [129]. Sitosterolemia is a rare inherited lipid storage disease characterized
chemically by the accumulation of plant sterols and 5a.-saturated stanols in plasma and
tissues [134]. As analyzed by the sterol balance method, a large amount of dietary sitosterol
is absorbed from the small intestine, thereby leading to the plant sterol accumulation in the
body of patients with sitosterolemia. Further genetic studies find that sitosterolemia is a rare
autosomal, recessively inherited lipid metabolic disorder [209]. However, the majority of
heterozygous subjects are clinically and biochemically normal, and some heterozygotes
display a slight, but not significant, increase in plasma sitosterol concentrations compared to
normal healthy subjects [210]. Nevertheless, plasma sitosterol concentrations are 10- to 20-
fold higher in homozygotes than in heterozygotes [211]. Therefore, the diagnosis of
sitosterolemia is based mainly on a significant increase in the concentrations of plant sterols
(sitosterol, campesterol, stigmasterol, and avenosterol) and 5a-stanols in plasma and tissues
[212]. The clinical presentation in these patients includes tendon xanthomas, accelerated
atherosclerosis particularly affecting males at a young age, hemolytic episodes, arthritis, and
arthralgia [134]. The risk of premature atherosclerosis has been found in some young male
patients who died because of acute myocardial infarctions associated with extensive
coronary and aortic arteriosclerosis [139, 213].

Sitosterolemia is caused by a mutation in either the ABCG5 or the ABCG8 gene alone, but
not in both simultaneously [8, 9, 136, 137, 214]. It is characterized mainly by increased
intestinal absorption of cholesterol and sitosterol and diminished hepatic secretion of these
sterols into bile [129, 209, 215]. 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% [50, 135, 143, 144].
Therefore, more cholesterol of intestinal origin, through the chylomicron pathway, reaches
the liver for VLDL secretion into plasma, thereby increasing risk of developing
cardiovascular disease in patients with sitosterolemia. Indeed, intestinal cholesterol
absorption efficiency is also significantly increased in ABCG5/G8, ABCG5, and ABCG8
knockout mice [11-13, 141, 145].

Notably, several human studies on biliary lipid secretion have found that hepatic cholesterol
secretion is markedly reduced and hepatic secretion of sitosterol and other plant sterols is
almost totally inhibited [50, 135, 143, 144]. As a result, these patients often display
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hypercholesterolemia, tendon and tuberous xanthomas, premature development of
atherosclerosis, and abnormal hematologic and liver function test results [134]. Further
animal studies show that hepatic cholesterol output is dramatically reduced, but cholesterol
is still secreted into bile in mice with the deletion of either Abcg5 or Abcg8alone, or both
[11-13, 141, 145]. These results clearly support the concept that the deletion of the
Abcg5/g8 double genes and Abcg5 or Abcg8single gene significantly reduces, but does not
eliminate, hepatic cholesterol secretion. In addition, consistent with the human results, these
mouse data imply that an ABCG5/G8-independent pathway is also involved in hepatic
cholesterol secretion, as discussed above.

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 the bile [216]. After intravenous injection, HDL-derived [14C]cholesterol,
but not [3H] sitostanol, is recovered in hepatic bile of ABCG5/G8 and ABCG8 knockout
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/G8 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 is completely
inhibited, leading to a significant increase in plasma plant sterol concentrations [135].

The treatment of sitosterolemia includes bile salt sequestrants such as cholestyramine,
colestipol, and colesevelam in combination with the low-sterol diet [217-220]. Bile salt
sequestrants bind bile salts in the intestine and increase the excretion of bile salts in the
feces. This greatly diminishes the amount of bile salts returning to the liver and forces the
liver to produce more bile salts to replace the bile salts lost in the feces. To synthetize more
bile salts, the liver must convert more cholesterol into bile salts, thus leading to a reduction
in plasma total and LDL cholesterol concentrations in sitosterolemic patients [221].
Moreover, ezetimibe, a potent intestinal cholesterol absorption inhibitor, has been used to
treat patients with sitosterolemia [222—224] because ezetimibe can diminish plasma LDL
cholesterol levels in patients with hypercholesterolemia by inhibiting the function of
intestinal NPC1L1, the cholesterol influx transport protein [150, 153, 225-228].

(b) Cardiovascular disease

Atherosclerosis is characterized by lipid accumulation, inflammatory response, cell death,
and fibrosis in the arterial wall, which is the pathological basis for cardiovascular disease,
and the leading cause of morbidity and mortality in the USA and other industrialized nations
[229]. Major risk factors for atherosclerosis include high plasma levels of LDL cholesterol
and lipoprotein(a), as well as low plasma concentrations of HDL cholesterol [230]. Although
genetic mechanisms underlying the pathogenesis of cardiovascular disease are largely
unknown, accumulated evidence from human and animal studies has clearly demonstrated
that cardiovascular disease may be determined by multiple genes disrupting cholesterol and
lipoprotein metabolism [231-236]. Because mutations in either ABCG5 or ABCG8 cause
phytosterolemia, hypercholesterolemia, and premature coronary heart disease in patients
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with sitosterolemia, this strongly suggests that defect or reduction in the ABCG5/G8
expression and function may be an important risk factor for the development of
cardiovascular disease [141, 237-240]. Increased expression of Abcg5/g8 attenuates
Western-diet-induced hypercholesterolemia and atherosclerosis in LDL receptor knockout
mice [241]. However, overexpression of Abcg5/g8 in the liver, but not in the small intestine,
does not reduce atherosclerosis development in LDL receptor or ApoE knockout mice fed
the Western diet for 6 months [242]. This suggests that the increased hepatic secretion of
biliary cholesterol could be absorbed back into the body, thus leading to unaltered
atherosclerosis in these knockout mice. When these mice are fed ezetimibe, the potent
intestinal cholesterol absorption inhibitor, total plasma cholesterol concentrations, and
atherosclerosis are dramatically reduced in LDL receptor knockout mice overexpressing the
human ABCG5/G8 genes in the liver alone compared to LDL receptor knockout mice [243].
These mouse studies indicate that deletion of Abcg5/g8 could play a determinant role in the
development of hypercholesterolemia and atherosclerosis in mice fed the Western diet. In
contrast, this suggests that ABCG5/G8 may be a novel target for the prevention and the
treatment of cardiovascular disease. Furthermore, more studies are needed to explore
whether dysfunction of ABCG5/G8 in the liver, or small intestine, or both sites is
responsible for increased risk for the development of hypercholesterolemia and
atherosclerosis in mice fed the Western diet.

In addition, it is interesting to investigate whether polymorphisms in the ABCG5 and
ABCG8 genes are associated with plasma total and LDL cholesterol concentrations,
increasing susceptibility to cardiovascular disease. Various polymorphisms (A632V, T400K,
D19H, M429V, and C54Y) in the ABCG8and ABCG5 (Q604E) genes have been found to
be associated with several facets of cholesterol metabolism, including baseline cholesterol
level, cholesterol kinetics, and individual responsiveness of plasma cholesterol to dietary and
pharmaceutical interventions for hypercholesterolemia. For example, Tyr54Cys and
Thr400Lys variations in the ABCG& gene may play a role in the genetic determination of
plasma cholesterol levels and could influence the gender-specific response of plasma
cholesterol levels after dietary changes [244]. More interestingly, low serum cholesterol
concentrations and intestinal cholesterol absorption are found to be linked to the D19H
polymorphism of the ABCG8 gene, and characteristics of the insulin resistance syndrome in
men are linked with the Q604E polymorphism of the ABCG5 gene [245]. However, an
association study between five common ABCG5/G8 polymorphisms (p.Q604E, p.D19H,
p.Y54C, p. TA00K, and p.A632V) and plasma sterol levels was performed in 245 patients
with hypercholesterolemia, and no significant associations were found [246]. Thus, most,
but not all, studies reported that polymorphisms in the ABCG5and ABCG8 genes may be
associated with increased total and LDL-cholesterol concentrations [32]. Furthermore, a
meta-analysis that comprised 3,364 subjects from 16 studies was carried out [246]. This
study found that the ABCGE&632V variant is associated with a clinically irrelevant LDL-
cholesterol reduction, whereas the 19H allele correlates with decreased cholesterol
absorption and increased synthesis without affecting the lipid profile [246]. However, it is
largely unknown whether small amounts of phytosterol exposure over a lifetime cause
pathology in healthy humans with polymorphic variants in the ABCG5and ABCGS& genes.
Taken together, polymorphic variants in the ABCG5and ABCGS& genes could increase or
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reduce the risk of these phenotypes, and loss of ABCG5/G8 function could cause more
significant phenotypes, including premature atherosclerosis, platelet dysfunction, and
thrombocytopenia, and perhaps, increased endocrine disruption and liver dysfunction [239].
Obviously, more studies are strongly needed to investigate how specific polymorphisms of
the ABCG5and ABCG8 genes confer to higher risk of these diseases.

Because elevated LDL cholesterol levels are a major causal factor for cardiovascular disease
and have been a primary target of therapy for more than 30 years, the potent HMGCR
inhibitors, statins, have been developed to lower plasma LDL cholesterol levels and reduce
the risk of adverse cardiovascular events [247]. Moreover, reducing LDL cholesterol levels
to below current guideline targets further inhibits atherogenesis and decreases adverse
coronary events [4, 5, 248]. Many clinical studies have found that statins can reduce new
adverse cardiovascular events and cardiovascular disease mortality by ~35%, but even
aggressive statin therapy can not completely eliminate cardiovascular risk. Approximately
65% of the patients treated with statins still develop adverse cardiovascular events.
Therefore, additional therapeutic interventions beyond statins are strongly needed to further
reduce the risk of developing cardiovascular disease [249]. Overall, ABCG5/G8 may be an
attractive target for the prevention and the treatment of hypercholesterolemia, and increasing
their expression may reduce the risk of developing cardiovascular disease in humans.

(c) Cholesterol gallstone disease

Clinical investigations and animal studies have clearly established that hepatic
hypersecretion of biliary cholesterol is the primary defect in the pathogenesis of cholesterol
gallstone disease [14]. Hepatic cholesterol hypersecretion into bile may or may not be
accompanied by normal, high, or low hepatic secretion rates of biliary bile salts and/or
phospholipids [250]. Cholesterol-supersaturated bile is often defined as a state in which
cholesterol cannot be dissolved in bile by biliary bile salts or phospholipids at equilibrium
[70]. Therefore, the formation of supersaturated bile is often caused by (i) hepatic
hypersecretion of biliary cholesterol; (ii) reduced hepatic bile salt and/or phospholipid
secretion with normal biliary cholesterol secretion; or (iii) a combination of hepatic
cholesterol hypersecretion with hyposecretion of these solubilizing lipids [251].

Genetic studies have been performed to investigate L/t/1genes in different strains of inbred
mice fed the lithogenic diet for 8 weeks [26]. As shown in Fig. 8.6, L/th9is localized on
mouse chromosome 17 and is co-localized with a genetic biomarker D17Mit155 at
approximately 55 centimorgans (cM). Genotyping and phenotyping studies have found that
in the Lith9 QTL region, Abcg5/g8is a strong candidate for this gallstone gene.
Subsequently, Abcg5/g8is identified as a new gallstone gene, Lith9, by QTL studies in mice
[25, 252, 253]. Based on mouse genetic analysis of the L/t/1 genes, a genome-wide
association study in a large cohort of patients with gallstones and a linkage study in affected
sibling pairs have identified a common variant (D19H) of the sterol efflux transporters
ABCG5/G8 as a key risk factor for cholesterol gallstone disease [29]. Indeed, ABCG5/G8is
found to be associated with gallstones in patients, proving that it is human L/7H9. Other
ABCG8variants (T400K, D19H, A632V, M429V, and C54Y) and ABCGS5 variants (Q604E)
have also been found to be associated with cholesterol gallstone disease in humans.
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Furthermore, many research groups have reported that two gallstone-associated variants in
ABCG5/G8, i.e., ABCG5R50C and ABCG&-D19H, are involved in the pathogenesis of
gallstones not only in Germans and Chileans but also in Chinese and Indians [29-34, 254,
255]. These studies strongly imply that ABCG5-R50C and ABCG&-D19H could play a
central role in hepatic cholesterol hypersecretion, thereby leading to the formation of
cholesterol-supersaturated bile in humans.

Because Abcg5/g8is Lith9in mice and two gallstone-associated variants in ABCG5/G8
have been identified in humans, it is important to further investigate whether targeted
disruption of the Abcg5/g8 double genes or the Abcg8single gene protects against the
formation of cholesterol gallstones in gallstone-susceptible C57BL/6J mice fed the
lithogenic diet for 8 weeks [256]. It is surprising to find that despite a significant reduction
in gallstone prevalence in ABCG5/G8 and ABCG8 knockout mice, classical parallelogram-
shaped cholesterol monohydrate crystals and gallstones are still formed in these mice during
the 8-week period of feeding the lithogenic diet. As discussed above, although sitosterolemia
is caused by mutations in either the ABCG5 or the ABCG8 gene alone, but not in both
simultaneously, hepatic cholesterol secretion is reduced, but not completely eliminated, in
these patients [50, 135, 143, 144]. To explore the mechanism underlying the effect of
ABCG5/G8 on hepatic cholesterol and plant sterol secretion, biliary cholesterol and
sitostanol secretion is quantified for 6 h in ABCG8 knockout mice. Mass transport rate of
[3H]sitostanol from plasma HDL into bile is significantly faster than that of [14C]cholesterol
in wild-type mice; however, reduced amounts of [24C]cholesterol and no [3H] sitostanol are
found in bile of ABCG8 knockout mice [141]. These results clearly exhibit that the deletion
of the Abcg8 gene alone significantly reduces, but does not eliminate, hepatic cholesterol
secretion. In addition, biliary cholesterol studies show 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 [11-13, 141, 145].

Although ABCG5/G8 display a striking impact on hepatic cholesterol and plant sterol
secretion, cholesterol is still secreted to bile in sitosterolemic patients with a defect in either
ABCGS5 or ABCG8 and in either ABCG5/G8 double or single gene knockout mice. This
strongly suggests that in the defect of ABCG5/G8, an ABCG5/G8-independent pathway is
essential for regulating hepatic secretion of biliary cholesterol, which is independent of the
lithogenic mechanism of the ABCG5/G8 pathway. To decipher the effect of the ABCG5/G8-
independent pathway on cholelithogenesis, the biliary and gallstone characteristics are
investigated in wild-type as well as ABCG5/G8 and ABCG8 knockout mice fed the
lithogenic diet or varying amounts of cholesterol, or injected intravenously with
[3H]sitostanol- and [*C]cholesterol-labeled HDL. These studies show that ABCG5/G8 and
ABCG8 knockout mice display the same biliary and gallstone phenotypes. Although both
groups of knockout mice show a significant reduction in hepatic cholesterol output
compared to wild-type mice, they still form gallstones. Especially, the ABCG5/G8-
independent pathway plays an important role in the regulation of biliary cholesterol
secretion, the transport of HDL-derived cholesterol from plasma to bile, and the formation
of cholesterol gallstones, which works independently of the ABCG5/G8 pathway.

Adv Exp Med Biol. Author manuscript; available in PMC 2021 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 20

It is well-known that the LXR agonist T0901317 activates hepatic LXR, promoting biliary
cholesterol secretion by stimulating hepatic Abcg5/g8 expression in mice [145, 257, 258].
Additionally, LXR activation by T0901317 greatly promotes cholesterol crystallization and
gallstone formation in mice fed the lithogenic diet [259]. However, this is not the case in
ABCG5/G8 or ABCG8 knockout mice. This clearly implies 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 LXR agonist dramatically increases
biliary cholesterol secretion and gallstones in wild-type, but not ABCG5/G8 or ABCG8
knockout, mice. Taken together, these studies [256] provide clear evidence in support of the
concepts that (i) the ABCG5/G8-independent pathway accounts for 30% to 40% of hepatic
cholesterol output in the lithogenic state and plays a critical role in the regulation of biliary
cholesterol secretion in response to high dietary cholesterol; (ii) in the absence of
ABCG5/GS8, it determines biliary cholesterol secretion and the formation of cholesterol
gallstones; (iii) it modulates 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 cascade. These findings strongly support the existence of an ABCG5/G8-
independent pathway for regulating hepatic cholesterol secretion. Moreover, these results
imply that in the absence of ABCG5/G8, the ABCG5/G8-independent pathway is essential
for the regulation of hepatic cholesterol secretion and also plays a vital role in determining
the susceptibility to cholesterol gallstones, working independently of the ABCG5/G8
pathway in mice. However, further studies are strongly needed to observe if this pathway is
also operational in humans. Nevertheless, both ABCG5/G8-dependent and ABCG5/G8-
independent pathways could be potential therapeutic targets for cholesterol gallstone
disease.

8.6 Conclusions and Future Directions

Accumulated evidence has clearly demonstrated that ABCG5/G8 play a key role not only in
hepatic secretion of biliary cholesterol and plant sterols but also intestinal absorption of
these two sterols. Moreover, ABCG5/G8 have an important impact on the classical reverse
cholesterol transport and the TICE pathway. Obviously, mutations in either ABCG5 or
ABCG8 are the major genetic mechanisms causing sitosterolemia. It is highly likely that
gene therapy is a better option for curing this genetic disorder by repairing ABCG5 or
ABCG8 gene mutations. Lowering plasma total and LDL cholesterol concentrations is also
crucial to reduce the risk of cardiovascular disease in patients with sitosterolemia.

Many clinical studies have shown that statins can reduce the risk of developing
cardiovascular disease; however, other lipid-lowering therapies are often used adjunctively
when statin therapy is inadequate or as an alternative for patients who are intolerant of
statins. More importantly, intensive lipid and pharmaceutical studies have led to significant
development of new agents that could work on novel targets in the metabolic pathways of
lipids and lipoproteins and that have the potential to serve as new alternative or adjunctive
agents to the existing cholesterol-lowering drugs such as statins. Clinical trials in patients
receiving these new classes of lipid-lowering agents, especially in individuals with
monogenic disorders of lipid and/or lipoprotein metabolism, will certainly increase a great

Adv Exp Med Biol. Author manuscript; available in PMC 2021 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 21

opportunity to identify the genotype that predicts response to lipid-lowering therapy and thus
guides the choice of drug and dose for high-risk patients and, especially, for patients with the
hardest-to-treat elevated plasma cholesterol concentrations due to intolerance to any statins
and severe side effects of these drugs.

Although the pharmacogenomics of lipid-lowering drugs have greatly advanced and a few
consistent trends on the therapy of cardiovascular disease have emerged, mainly relating to
the genetic determinants of response to statins, many new cellular, molecular, genetic, and
biochemical studies on lipid and lipoprotein metabolism are being extensively explored.
Therefore, it is more interesting to investigate the cellular and molecular mechanisms of
deciphering how ABCG5/G8 regulate cholesterol and lipoprotein metabolism in the plasma,
liver, and intestine. In addition, the potential mechanisms underlying the removal of
cholesterol from the body through the classical reverse cholesterol transport, i.e., the biliary
route, and the TICE, i.e., the non-biliary routes, are desired to be revealed. Advances in the
elucidation of lipid and lipoprotein metabolism, as well as the biliary and the non-biliary
routes for removal of cholesterol and plant sterols from the body, will provide a great
opportunity of finding new lipid-lowering strategies and proving that they are more effective
in the prevention and therapeutic intervention of cardiovascular disease that affects millions
worldwide.

The gallstone (LJt/i) gene map has been updated, which lists all known genetic loci that
confer gallstone susceptibility, as well as candidate genes in inbred strains of mice. This
would greatly help identify human L/7H genes because genetic analysis of Lith genes in
mouse models open the way for searching for the orthologous human L/7H genes and for
exploring their cholelithogenic effects in humans. Given that the ABCG5/G8-dependent and
the ABCG5/G8-independent pathways are essential in the regulation of hepatic cholesterol
secretion, both routes could be potential therapeutic targets for the prevention and the
treatment of cholesterol gallstone disease. Deciphering the molecular and cellular
mechanisms on the formation of cholesterol-supersaturated bile could be very helpful for
exploring novel therapeutic approaches through modulating both the ABCG5/G8-dependent
and the ABCG5/G8-independent pathways, thus greatly reducing the risk of developing
gallstones.

More importantly, there should be a great development of the personalized medicine for the
prevention and the treatment of cardiovascular disease and cholesterol gallstone disease
because they are highly prevalent not only in the USA but also in European and Asian
countries. The ideal application of lipid-lowering drugs and bilecholesterol-desaturating
drugs would be to identify patients at risk for either a suboptimal response with respect to
efficacy or a marked adverse response to either a drug class or a specific drug. For that
reason, individuals who would be predicted to have an unfavorable benefit-to-risk ratio can
be identified and might be obtained from alternative methods more expeditiously and
without the trial-and-error process that typically accompanies initiation and maintenance of
such commonly used treatment. Obviously, it is imperative to understand the cellular and
molecular mechanisms underlying the key role of ABCG5/G8 in regulating hepatic secretion
of biliary cholesterol and plant sterols and intestinal absorption of these two sterols, as well
as in modulating the classical reverse cholesterol transport and the TICE pathway, because it
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could provide novel insights into strategies for the prevention and the treatment of
sitosterolemia, cardiovascular disease, and cholesterol gallstone disease.
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Fig. 8.1.
All these substances have a nucleus containing the four-ringed carbon skeleton of

cyclopentenophenanthrene and are known as steroids. The sterols are one of the steroids and
they are widely distributed in humans, animals, and plants. It is often called cholesterol in
humans and animals and phytosterols (also called plant sterols) in plants. Notably, the
general structural formula for the sterols includes the designation of the four rings with a
side chain at C-17 and two methyl groups at C-18 and C-19. Cholesterol is one of the most
abundant steroids in bile. Its hydroxyl group on the third carbon can react with the COOH
group of a fatty acid molecule to form a cholesteryl ester. Plant sterols (e.g., p-sitosterol and
[-sitostanol) are naturally occurring. Their chemical structures are very similar to
cholesterol but with structural modifications of the side chain. In addition, stanols are
saturated sterols, having no double bonds in the sterol ring structure, e.g., p-sitostanol
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This diagram of the hepatocyte shows the ABCG5/G8-dependent (red solid lines) and the
ABCG5/G8-independent (red dashed lines) pathways for biliary cholesterol (Ch) secretion,
as well as the ABCB4 and ABCB11 transporters for biliary phospholipid (PL) and bile salt
(BS) secretion, respectively. Abbreviations: ABC ATP-binding cassette (transporter), ACAT
acyl-coenzyme A:cholesterol acyltransferase, CMR chylomicron remnants, CMRR CMR
receptor, CYP7AI1 cholesterol 7-a-hydroxylase, CYP27A1 sterol 27-hydroxylase, HDL
high-density lipoprotein, HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase, LDL
low-density lipoprotein, LDLR LDL receptor, SR-B/ scavenger receptor class B type I, i.e.,
HDL receptor, VLDL very-low-density lipoprotein
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Molecular and cellular mechanisms of intestinal cholesterol absorption. Within the intestinal
lumen, the micellar solubilization of sterols facilitates movement through the diffusion
barrier overlying the surface of the absorptive cells in the small intestine. In the presence of
bile salts, mixed micelles deliver large amounts of the cholesterol (Ch) molecules to the
aqueous-membrane interface so that the uptake rate is greatly increased. The Niemann-Pick
C1 like 1 (NPC1L1) protein, a sterol influx transporter, is located at the apical membrane of
the enterocyte and can actively facilitate the uptake of cholesterol by promoting the passage
of cholesterol across the brush border membrane of the enterocyte. NPC1L1 appears to
mediate cholesterol uptake via vesicular endocytosis, and ezetimibe may inhibit cholesterol
absorption by suppressing the internalization of NPC1L1/cholesterol complex. In contrast,
ABCG5/G8 promote active efflux of cholesterol from the enterocyte back into the intestinal
lumen for fecal excretion. The combined regulatory effects of NPC1L1 and ABCG5/G8 play
a critical role in modulating the amount of cholesterol that reaches the lymph from the
intestinal lumen. The absorbed cholesterol molecules, as well as some that are newly
synthesized from acetate by 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) within
the enterocytes, are esterified to fatty acids by acyl-CoA:cholesterol acyltransferase isoform
2 (ACAT2) to form cholesteryl esters (CE). All of these lipids are involved in the assembly
of chylomicrons, which also requires the synthesis of apolipoprotein B-48 (apoB-48) and the
activity of microsomal triglyceride transfer protein (MTTP). The core of chylomicrons
secreted in lymph contains triglycerides and cholesteryl esters, and their surface is a
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monolayer containing phospholipids (mainly phosphatidylcholine), unesterified cholesterol,
and apolipoproteins such as apoB-48, apoA-I, and apoA-1V
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The reverse cholesterol transport through the classical biliary route to the bile as secreted by
ABCG5/G8 on the canalicular membrane of hepatocytes. The reverse cholesterol transport
in the hepatocytes is shown in red lines with arrows indicating the direction of transport.
Abbreviations: ABC ATP-binding cassette (transporter), ACATZ2 acyl-coenzyme
A:cholesterol acyltransferase isoform 2, CYP7A1 cholesterol 7-a-hydroxylase, CYP27A1
sterol 27-hydroxylase, HDL high-density lipoprotein, HMGCR 3-hydroxy-3-methylglutaryl-
CoA reductase, LDL low-density lipoprotein, SR-B/ scavenger receptor class B type I, i.e.,
HDL receptor, VLDL very-low-density lipoprotein
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Schematic diagram of the proposed transintestinal cholesterol excretion (TICE) pathway in
the enterocytes, as showed in red dashed lines with arrows indicating the direction of
transport. Abbreviations: HDL high-density lipoprotein, SR-B/scavenger receptor class B
type 1, i.e., HDL receptor. See Fig. 8.3 for other abbreviations
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Chromosome 17

Abcgb/g8

D17Mit155

Fig. 8.6.
As shown in the composite map, the quantitative trait locus (QTL) region of the L/th9 gene

is localized on chromosome 17 in mice. A vertical line represents chromosome 17, with the
centromere at the top; genetic distances from the centromere (horizontal black lines) are
indicated to the left of the chromosomes in centimorgans (cM). Chromosomes are drawn to
scale, based on the estimated cM position of the most distally mapped locus taken from
Mouse Genome Database. The gallstone gene, the Lith9, QTL region is represented by a
vertical red bar, and the Abcg5/g8 gene location is indicated by a horizontal borrow line. A
genetic biomarker, D17Mit155, that is co-localized with L/th9is indicated by a horizontal
blue line with the marker symbol to the right
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