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Introduction The careful clinical characterization of patients with genetic forms of severe hypercholesterolemia has played
a critical role in the historic linkage of hypercholesterolemia to atherosclerosis. Elucidation of gene defects that cause
severe hypercholesterolemia has provided molecular entrées into the biosynthetic and regulatory pathways that produce
and eliminate cholesterol and has led to the development of potent pharmacological agents that dramatically reduce
circulating levels of cholesterol. The last decade of the twentieth century culminated in the demonstration that
pharmacological reductions in plasma cholesterol levels result in fewer cardiovascular events and reduce total mortality.
This review will summarize recent developments in our understanding of the molecular pathogenesis and treatment of
monogenic forms of severe hypercholesterolemia, and some implications that these findings have for the management of
common forms of hypercholesterolemia. General overview of LDL metabolism. Cholesterol is a rigid, hydrophobic
molecule that confers structural integrity to plasma membranes of vertebrate cells. Excess cellular cholesterol is esterified
with fatty acids to form cholesteryl esters, which are either stored as lipid droplets in cells or packaged with other
apolipoproteins to form VLDL in the liver and and chylomicrons in the intestine (Figure 1). The two major cholesterol-
carrying lipoproteins in humans are LDL and HDL. Approximately 70% of circulating cholesterol is transported as LDL.
LDL is formed in the circulation from VLDL (Figure 1). [...]
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Introduction

The careful clinical characterization of patients with
genetic forms of severe hypercholesterolemia has
played a critical role in the historic linkage of hyper-
cholesterolemia to atherosclerosis. Elucidation of
gene defects that cause severe hypercholesterolemia
has provided molecular entrées into the biosynthetic
and regulatory pathways that produce and eliminate
cholesterol and has led to the development of potent
pharmacological agents that dramatically reduce cir-
culating levels of cholesterol. The last decade of the
twentieth century culminated in the demonstration
that pharmacological reductions in plasma choles-
terol levels result in fewer cardiovascular events and
reduce total mortality.

This review will summarize recent developments in
our understanding of the molecular pathogenesis
and treatment of monogenic forms of severe hyper-
cholesterolemia, and some implications that these
findings have for the management of common forms
of hypercholesterolemia.

General overview of LDL metabolism. Cholesterol is a
rigid, hydrophobic molecule that confers structural
integrity to plasma membranes of vertebrate cells.
Excess cellular cholesterol is esterified with fatty acids
to form cholesteryl esters, which are either stored as
lipid droplets in cells or packaged with other apolipo-
proteins to form VLDL in the liver and and chylo-
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microns in the intestine (Figure 1). The two major
cholesterol-carrying lipoproteins in humans are LDL
and HDL. Approximately 70% of circulating cholesterol
is transported as LDL.

LDL is formed in the circulation from VLDL (Fig-
ure 1). The triglycerides and phospholipids of circu-
lating VLDL are hydrolyzed by lipases anchored to
vascular endothelial surfaces, forming cholesterol-
enriched VLDL remnant particles. Approximately
half of the VLDL remnants are cleared from the cir-
culation by LDL receptor-mediated (LDLR-mediat-
ed) endocytosis in the liver, and the remainder under-
goes further processing to produce LDL. Most LDL
is removed from the circulation after binding to the
hepatic LDLR via apoB-100.

Plasma levels of LDL-cholesterol (LDL-C) are di-
rectly related to the incidence of coronary events and
cardiovascular deaths. Approximately 50% of the in-
terindividual variation in plasma levels of LDL-C is
attributable to genetic variation (1). The major portion
of this genetic variation is polygenic, reflecting the
cumulative effects of multiple sequence variants in any
given individual. A subset of patients with very high
plasma LDL-C levels have monogenic forms of hyper-
cholesterolemia, which are associated with the deposi-
tion of cholesterol in tissues, producing xanthomas
and coronary atherosclerosis.

The clinical features, diagnosis, and pathophysiolo-
gy of the known mendelian disorders of severe hyper-
cholesterolemia will be serially reviewed (Table 1). This
will be followed by a discussion of how insights
gleaned from the study of these disorders may be
extended to the treatment of hypercholesterolemia in
the general population.

Familial hypercholesterolemia

Historical perspective. Familial hypercholesterolemia
(FH), the most common and most severe form of
monogenic hypercholesterolemia, was the first genet-
ic disease of lipid metabolism to be clinically and
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Figure 1

Overview of LDL metabolism in humans. Dietary cholesterol and triglycerides are packaged with apolipoproteins in the enterocytes of
the small intestine, secreted into the lymphatic system as chylomicrons (CM). As chylomicrons circulate, the core triglycerides are
hydrolyzed by lipoprotein lipase, resulting in the formation of chylomicron remnants (CM Rem), which are rapidly removed by the liver.
Dietary cholesterol has four possible fates once it reaches the liver: it can be esterified and stored as cholesteryl esters in hepatocytes;
packaged into VLDL particles and secreted into the plasma; secreted directly into the bile; or converted into bile acids and secreted into
the bile. VLDL particles secreted into the plasma undergo lipolysis to form VLDL remnants (VLDL Rem). Approximately 50% of VLDL rem-
nants are removed by the liver via the LDLR, and the remainder mature into LDL, the major cholesterol transport particle in the blood.
An estimated 70% of circulating LDL is cleared by LDLR in the liver. ABCGS5 and ABCGS are located predominantly in the enterocytes of
the duodenum and jejunum, the sites of uptake of dietary sterols, and in hepatocytes, where they participate in sterol trafficking into
bile. Mutations in either transporter cause an increase in delivery of dietary sterols to the liver and a decrease in secretion of sterols into
the bile. Autosomal recessive hypercholesterolemia (ARH) is a putative adaptor protein that is involved in the mechanics of LDLR-medi-

ated endocytosis. ABCG: ATP-binding cassette, family G.

molecularly characterized (2). The disease has an
autosomal codominant pattern of inheritance and is
caused by mutations in the LDLR gene; individuals
with two mutated LDLR alleles (FH homozygotes)
are much more severely affected than those with one
mutant allele (FH heterozygotes). The plasma levels
of LDL-C are uniformly very high in FH homozy-
gotes, irrespective of diet, medications, or lifestyle.
For example, FH homozygotes living in China, where
the dietary intake of cholesterol and saturated fat is
low, have plasma LDL-C levels similar to those of FH
homozygotes living in Western countries (3).

FH homozygotes develop cutaneous (planar) xan-
thomas and coronary atherosclerosis in childhood (2).
Atherosclerosis develops initially in the aortic root,
causing supravalvular aortic stenosis, and then
extends into the coronary ostia. The severity of ather-
osclerosis is proportional to the extent and duration
of elevated plasma LDL-C levels (calculated as the cho-
lesterol-year score) (4). If the LDL-C level is not effec-
tively reduced, FH homozygotes die prematurely of
atherosclerotic cardiovascular disease. Optimization
of other cardiovascular risk factors has little impact on
the clinical course of the disease.

Patients with homozygous FH are classified into
one of two major groups based on the amount of

LDLR activity measured in their skin fibroblasts:
patients with less than 2% of normal LDLR activity
(receptor-negative), and patients with 2-25% of nor-
mal LDLR activity (receptor-defective) (2). In general,
plasma levels of LDL-C are inversely related to the
level of residual LDLR activity. Untreated, receptor-
negative patients with homozygous FH rarely survive
beyond the second decade; receptor-defective patients
have a better prognosis but, with few exceptions,
develop clinically significant atherosclerotic vascular
disease by age 30, and often sooner (2).

The plasma levels of LDL-C in FH heterozygotes are
lower (elevated two- to threefold) and much more
dependent on other genetic and environmental factors
than are those in FH homozygotes. Although the
nature of the molecular defect has some impact on the
severity of hypercholesterolemia, FH heterozygotes with
the same LDLR mutation can have widely different
plasma levels of LDL-C (2). The clinical prognosis of
FH heterozygotes is related not only to the magnitude
of the elevation in plasma LDL-C but also to the pres-
ence of other coronary risk factors (5).

New insights into pathogenesis. Despite our detailed
knowledge of the molecular biology of the LDLR, fun-
damental questions regarding how the receptor deliv-
ers its cargo in cells without being degraded itself have
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Table 1
Major monogenic diseases that cause severe hypercholesterolemia

Disease Defective gene

Autosomal dominant
FH LDLR

Heterozygous FH
Homozygous FH

FDB APOB
Heterozygous FDB
Homozygous FDB

FH3 PCSK9
Heterozygous FH3

Autosomal recessive
Recessive autosomal ARH
Hypercholesterolemia (ARH)
Sitosterolemia ABCGS5 or ABCG8

Prevalence Plasma LDL-C level Metabolic defect

| LDL clearance (1°)
TLDL production (2°)

1in 500 e+
Tin1x 108 +t
| LDL clearance
1:1,000 ++
1in4x10° e+
<1in 2500 +++ Unkown
<1in5x 106 et | LDL clearance
<1in 5x 100 - to +++++ | Cholesterol excretion (1°)

| LDL clearance (2°)

The number of + signs indicates the relative plasma level of LDL-C. 1°, primary major mechanism; 2°, secondary mechanism. FH, familial hypercholes-

terolemia; FDB, familial defective apoB-100; LDLR, LDL receptor.

only recently been elucidated. The crystal structure of
the extracellular domain of the protein has provided
a compelling model of how the receptor binds LDL
with high affinity at the cell membrane and then
releases it in the appropriate intracellular compart-
ment (6). The extracellular domain consists of a lig-
and-binding domain, an EGF precursor homology
domain, which contains a six-bladed B-propeller flanked
by cysteine-rich EGF repeats (7), and an O-linked
sugar-rich domain. When the LDLR is on the cell sur-
face, the extracellular domain is extended, exposing
the ligand-binding domain to LDL. After the receptor
binds LDL, the receptor-ligand complex is internal-
ized and delivered to endosomes. In the acidic envi-
ronment of the endosome, the LDLR folds back on
itself, bringing the -propeller region of the EGF pre-
cursor domain into close apposition to the ligand-
binding domain, thus displacing LDL. The B-pro-
peller appears to function as a pseudosubstrate for
the ligand-binding domain, permitting release of the
lipoprotein in the endosome and recycling of the
LDLR to the cell surface. Naturally occurring LDLR
mutations in humans that disrupt recycling of the
receptor are located in residues critical to the struc-
ture of the EGF precursor domain (6, 7).

LDL turnover studies documented the key role of
hepatic LDLRs in LDL catabolism (2). More recent
studies indicate that the LDLR may also regulate the
rate of entrance of VLDL into the circulation. Mice
overexpressing the lipogenic transcription factor
SREBP-1a have increased hepatic cholesterol and
triglyceride synthesis, and hepatic steatosis, but nor-
mal plasma lipid levels. When LDLR expression is
abolished in these mice, they become profoundly
hyperlipidemic due to an increase in secretion of
apoB-containing lipoproteins (8). Evidence from
studies in cultured mouse hepatocytes suggests that

the LDLR may also restrict hepatic apoB-100 secre-
tion by promoting its intracellular degradation (9).
Thus, the LDLR may limit the number of circulating
triglyceride-rich particles by reducing their secretion
and by promoting their recapture before they enter
the circulation from the liver. The importance of the
LDLR in limiting VLDL secretion in vivo in humans
remains controversial, because isotopic studies can-
not readily determine the proportion of newly formed
VLDL that enters the systemic circulation.

Diagnosis. In general, the diagnosis of FH is straight-
forward and is based on a family history of hypercho-
lesterolemia and premature coronary atherosclerosis,
the lipid profile, and the presence of xanthomas. Het-
erozygous FH occurs in approximately 1 in 500 per-
sons worldwide but has a much higher incidence in
certain populations, such as the Afrikaners, Christian
Lebanese, Finns, and French-Canadians, due to founder
effects (2). Over 900 mutations in the LDLR gene cause
FH (10). Most mutations are unique, making the
molecular diagnosis difficult, except in patients from
populations where a limited number of mutations
predominate. However, to date, there is no evidence
that molecular diagnosis of the disease has important
therapeutic implications.

Treatment. Heterozygous FH patients are responsive
to statins, which inhibit HMG-CoA reductase and
result in upregulation of the normal LDLR allele.
Combination therapy is frequently required to
achieve desired LDL-C levels (Table 2). Historically,
bile acid sequestrants or nicotinic acid have been
used for this purpose. Stanol esters, which decrease
cholesterol absorption by displacing cholesterol from
mixed micelles, are also effective in combination
therapy (11). Recently, ezetimibe, a drug that specif-
ically inhibits cholesterol absorption, became avail-
able (12). Ezetimibe binds to the microvilli of jejunal
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Table 2
Major LDL-C-lowering therapies for severe hypercholesterolemia

LDL-lowering response

LDL-C-lowering therapy Major effect Low (<10%) Intermediate (10-25%) High (>25%)
Statins TLDLR activity Homozygous FH” Heterozygous FH
Sitosterolemia FDB
ARH
Resins TLDLR activity Homozygous FHA Heterozygous FH Sitosterolemia

Nicotinic acid | VLDL synthesis

Ezetimibe | Cholesterol absorption

Stanol esters | Cholesterol absorption

Low-fat, low-cholesterol diet TLDLR activity

LDL apheresis Removes LDL

Homozygous FHA
Sitosterolemia
Homozygous FHA

Homozygous FHA

Homozygous FHA

FDB
ARH

Heterozygous FH
ARH (?)
FDB (?)

Heterozygous FH
ARH (?)
FDB (?)

Heterozygous FH

FDB

Heterozygous FH
ARH
FDB
Sitosterolemia

Sitosterolemia

Homozygous FH
Heterozygous FHE

AFH homozygotes with no LDLR function. FH homozygotes who have residual LDLR function can have intermediate responses to the lipid-lowering agents listed.

BPlasmapheresis is used in FH heterozygotes who do not reach the target LDL-C on maximum tolerated doses of lipid-lowering agents. ?, no data available.
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enterocytes and interferes with the enterohepatic cir-
culation of cholesterol, much as bile acid seques-
trants interrupt the enterohepatic circulation of bile
acids. The drug is effective at very low concentrations
and so presumably works by inhibiting a putative
cholesterol transporter. Ezetimibe is more effective
than dietary cholesterol restriction in lowering plas-
ma cholesterol levels because it decreases the uptake
of both dietary and biliary cholesterol. The reduced
flux of cholesterol from the gut to the liver leads to a
compensatory increase in hepatic LDLR, resulting in
an approximately 20% reduction in LDL-C. The dis-
covery of ezetimibe has rejuvenated the study of intes-
tinal cholesterol absorption.

HMG-CoA reductase inhibitors and ezetimibe have
only modest effects on plasma levels of LDL-C in FH
homozygotes, even when administered at high doses
(13). While some FH homozygotes with receptor-
defective mutations may retain sufficient LDLR
activity to respond to these potent lipid-lowering
agents, drug therapy alone is never adequate treat-
ment for these patients. The current treatment of
choice for homozygous FH (and for heterozygotes
whose plasma LDL-C remains elevated with drug
therapy) is LDL apheresis. This process, in which the
LDL particles are selectively removed from the circu-
lation through extracorporeal binding to either dex-
tran sulphate or heparin, can promote regression of
xanthomas and may slow the progression of athero-
sclerosis (14). However, the procedure is time con-
suming and expensive and must be performed every
1-2 weeks. Although it retards the development of

atherosclerosis, it does not prevent it, because of the
recurrent hypercholesterolemia between procedures.
Therefore, new therapies are urgently needed to treat
the hypercholesterolemia of individuals suffering
from homozygous FH. Inhibition of microsomal
transfer protein (MTP), which is required for synthe-
sis of apoB-containing lipoproteins, reduces plasma
cholesterol levels in LDLR-deficient rabbits (15) and
may be effective in homozygous FH, though the
development of hepatic steatosis may be dose limit-
ing. Liver-directed gene transfer of the LDLR theo-
retically is attractive but awaits the development of
better and safer vectors.

Familial defective apoB-100

Historical perspective. A subset of individuals with a clin-
ical presentation similar to FH and reduced rates of
LDL catabolism were found to have normal LDLR
activity. When LDL from these patients was infused into
normal subjects, the heterologous LDL was cleared ata
reduced rate compared with normal autologous LDL
(16). The disease, familial defective apoB-100 (FDB),
results from a missense mutation (Arg3500Gln) in the
LDLR-binding domain of apoB-100 (17). Other less
frequent mutations in APOB can also cause this dis-
ease. FDB occurs with a frequency of about 1 in 1,000
in Central Europe but is much less common in other
populations (18). Like FH, FDB is characterized by
elevated plasma LDL-C levels with normal triglyc-
erides, tendon xanthomas, and premature athero-
sclerosis. The mean concentration of LDL-C is about
100 mg/dl higher in patients with FDB than in age
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matched controls, but the levels vary over a wide
range. Over 25% of Europeans with FDB have plasma
LDL-C levels below the 95th percentile of the popula-
tion, which is a significantly higher percentage than
is seen for FH (19).

FDB homozygotes have levels of plasma LDL-C com-
parable to those in FH heterozygotes rather than those
in FH homozygotes (18). The increased risk of athero-
sclerosis in FDB homozygotes confirms that LDL
itself is atherogenic, since there is no accumulation of
remnant particles in these patients. The development
of coronary disease is slower, however, in FDB
homozygotes than in FH homozygotes, since most
FDB homozygotes identified to date are between 40
and 60 years of age (18).

New insights into pathogenesis. LDL from FDB
homozygotes binds the LDLR with approximately
10% of normal affinity and is removed from the cir-
culation at one-third to one-quarter of the normal
rate (20). As a consequence of the delayed clearance
of the defective LDL, the circulating LDL in FDB het-
erozygotes contains significantly more particles bear-
ing the mutant apoB-100 than particles bearing the
normal apoB-100 (20). The results of kinetic studies
using stable isotopes are consistent with the idea that
the lower plasma LDL concentrations in FDB than in
FH result from reduced rates of LDL production (21).
Patients with FDB are able to clear LDL precursor
particles, since remnant uptake is mediated by apoE
rather than apoB-100 (Figure 1).

Diagnosis. FDB cannot be clinically distinguished
from heterozygous FH, although patients with FDB
tend to have lower levels of plasma LDL-C and fewer
xanthomas (18, 19). The single base pair substitution
in the apoB-100 gene responsible for the most com-
mon missense mutation can be easily detected using a
variety of molecular techniques (18), although absence
of the sequence variation does not rule out the diagno-
sis of FDB, since some patients have other mutations
in APOB. The clinical management of FDB and het-
erozygous FH is similar; thus, it is not necessary to
establish the molecular diagnosis of FDB.

Treatment. It had been anticipated that patients with
FDB might be less responsive to statin therapy than
patients with FH, but this is not the case. FDB het-
erozygotes and homozygotes are responsive to the
LDL-lowering effects of statins, presumably because of
increased clearance of VLDL remnants (Table 2).

Other autosomal dominant forms

of hypercholesterolemia

Recently the molecular defect responsible for an
additional form of autosomal dominant hypercho-
lesteremic has been identified. These patients are
clinically indistinguishable from patients with het-
erozygous FH and FDB (except in one family in
which the hypercholesterolemic family members had
a lower body mass index [ref. 22]; however, the dis-
ease does not segregate with either LDLR or APOB

(22, 23). The disease causing gene PCSK9 encodes
neural apoptosis-regulated convertase 1 (NARC-1),a
member of the proteinase K family of subtilases (24,
25). Very little is known about this protein and eluci-
dation of its function should provide interesting new
insights into the control of plasma LDL-C.

Autosomal recessive forms of hypercholesterolemia
Historical perspective. In 1973, Khachadurian described
an unusual Lebanese family in which all four off-
spring had clinical features of homozygous FH,
including severe hypercholesterolemia and large ten-
don xanthomas, and yet LDLR function in their cul-
tured fibroblasts was near normal (26). Subsequent
characterization of Sardinian patients with a similar
phenotype revealed that LDL clearance rates were as
low as in patients with homozygous FH, and yet
LDLR function in cultured fibroblasts was largely
preserved (27). The hypercholesterolemia failed to
segregate with either the LDLR or the APOB gene; the
new disorder was named autosomal recessive hyper-
cholesterolemia (ARH).

New insights into pathogenesis. ARH is caused by muta-
tions in the ARH gene, which encodes a novel adaptor
protein (28). To date, ten ARH mutations have been
described (29, 30). All ten mutations interrupt the
reading frame, precluding synthesis of a full-length
protein. Although LDLR function is preserved in
ARH fibroblasts, it is defective in transformed lym-
phocytes from these patients (31). The amount of
LDLR is normal, but the distribution of immunode-
tectable receptor protein is significantly altered in
ARH lymphocytes, with most of the LDLR residing on
the plasma membrane (31). Cell surface LDL binding
is increased, but LDL degradation is markedly
reduced, indicating that ARH is involved in the inter-
nalization of the LDLR-LDL complex.

ARH contains an approximately 130-residue phos-
photyrosine-binding domain, which is present in sev-
eral adaptor proteins that bind a sequence motif
(NPXY) in the cytoplasmic tails of a variety of cell
surface receptors, including the LDLR (32). Brown,
Goldstein, and colleagues showed that the integrity
of the FDNPXY sequence is required for internaliza-
tion of the LDLR (33). ARH binds to this motifin a
sequence-specific manner (34). This sequence also
binds inositol phospholipids, which may anchor the
protein to the plasma membrane (35). The C-termi-
nal portion of the protein contains a canonical
clathrin box consensus sequence (LLDLE in the
human sequence) that binds the heavy chain of
clathrin, and a highly conserved 27-amino acid
sequence that binds the f,-adaptin subunit of AP-2,
a structural component of clathrin-coated pits (34).
Taken together, these data suggest that ARH func-
tions as a modular adaptor protein linking the LDLR
to the endocytic machinery of the coated pit.

The exact role of ARH in LDLR function is not
known. ARH may be required to chaperone LDLRs to
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coated pits, or simply to anchor receptors in the pits
during internalization. A naturally occurring muta-
tion in the Y of the NPXY motif (Y807C) that pre-
vents LDLR clustering in coated pits and, conse-
quently, LDLR internalization, also prevents ARH
binding to the cytoplasmic tail in vitro (34, 36). This
finding suggests that ARH may play a role in LDLR
clustering. Direct observations of LDLR trafficking
in ARH-deficient cells will be required to determine
whether this is indeed the case.

Why is ARH required for LDLR function in some cell
types, such as hepatocytes, but not in others, such as
fibroblasts? ARH is one of a large family of adapter pro-
teins, others of which have been documented to asso-
ciate with the LDLR tail (37). Perhaps one of these
other family members can effectively substitute for
ARH in fibroblasts, but not in hepatocytes. Alterna-
tively, the process of LDLR internalization may differ
in hepatocytes and fibroblasts. Unlike in fibroblasts,
where LDLRs are clustered in coated pits, in hepato-
cytes LDLRs are dispersed on the plasma membrane
(38). ARH may perform a specific function in hepato-
cytes that is not required in fibroblasts.

ARH appears to be a near perfect phenocopy of FH
(39), which is consistent with the possibility that all
clinical sequelae of ARH mutations result from defec-
tive LDLR activity. ARH may be involved in other recep-
tor pathways, but no phenotypes indicating defective
function of other NPXY-containing proteins have been
reported in subjects with ARH.

Diagnosis. Plasma levels of LDL-C in ARH patients
tend to be intermediate between those in FH heterozy-
gotes and those in FH homozygotes (39). The onset of
clinically significant coronary atherosclerotic disease is
later in ARH patients than in patients with homozy-
gous FH. Despite having lower plasma levels of choles-
terol than FH homozygotes, patients with ARH often
have large, bulky xanthomas (26, 39).

Treatment. Subjects with ARH respond to lipid-low-
ering medications with more substantial plasma cho-
lesterol reductions than patients with homozygous
FH; in particular, statins produce striking reductions
in plasma cholesterol in some ARH patients (39)
(Table 2). The increased LDLR expression induced by
statins may compensate to some degree for the defec-
tive hepatic LDLR function in ARH. Most ARH sub-
jects do not reach optimal plasma cholesterol levels
on lipid-lowering medications alone and are main-
tained on LDL apheresis (39).

Sitosterolemia

Historical perspective. In 1974, Bhattacharyya and Con-
nor described two normocholesterolemic siblings
with large xanthomas, elevated plasma levels of the
major plant sterol sitosterol, and normolipidemic
parents (40). In normal individuals, cholesterol con-
stitutes more than 99% of circulating sterols; non-
cholesterol sterols, such as sitosterol, are present in
only trace amounts. In sitosterolemia, plasma levels

of sitosterol are elevated more than 50-fold, and
approximately 15% of circulating and tissue sterols
are derived from plants and shellfish (41).

Although the index cases of sitosterolemia were not
hypercholesterolemic, most patients identified subse-
quently have had elevated plasma levels of LDL-C, espe-
cially in childhood. Children with sitosterolemia can
have plasma LDL-C levels as high as those seen in FH
homozygotes (>500 mg/dl) and also often develop pla-
nar xanthomas. Like patients with FH, these patients
can develop aortic stenosis and premature coronary
atherosclerotic disease. A distinctive clinical feature of
sitosterolemia is the occurrence of low-level hemolysis,
presumably due to the incorporation of plant sterols
into red blood membranes.

Sitosterol, though differing from cholesterol by
only minor modifications of the side chain, has a very
different metabolic fate (41). Both sitosterol and cho-
lesterol are taken up into enterocytes in the proximal
small intestine, and between 20% and 80% of dietary
cholesterol is incorporated into chylomicrons. In
contrast, less than 5% of dietary sitosterol is absorbed.
The small amount of sitosterol that is transported to
the liver is preferentially secreted into the bile (42).
Consequently, plasma levels of plant sterols in nor-
mal individuals are very low. Patients with sitos-
terolemia have increased fractional absorption of
dietary sterols and a defect in the ability to secrete
sterols into the bile, resulting in the accumulation of
both animal and plant sterols in the blood and body
tissues (41). The plasma cholesterol level in patients
with sitosterolemia is extremely responsive to dietary
cholesterol restriction, which decreases the input of
sterols into the body, and to bile acid resin therapy,
which promotes the excretion of cholesterol by
increasing bile acid synthesis.

Patients with sitosterolemia have strikingly low
rates of cholesterol synthesis (41) and yet accumulate
cholesterol in selected tissues, even when they are not
hypercholesterolemic. The sterol composition of xan-
thomas and atherosclerotic lesions mirrors that of the
plasma, so cholesterol is the predominant compo-
nent. Although about 60% of the plant sterols in plas-
ma are esterified, tissue noncholesterol sterols are
present in the free form (40).

New insights into pathogenesis. Whereas the primary
metabolic defect in FH, FDB, and ARH is in the
receptor-mediated uptake of circulating LDL, sitos-
terolemia results from a defect in sterol efflux from
cells. Sitosterolemia is caused by mutations in either
of two adjacent genes that encode ABC half-trans-
porters, ABCGS and ABCG8 (43, 44). More than 25
different mutations cause sitosterolemia (43-45).
Sitosterolemic patients invariably have two mutant
alleles of ABCGS or two mutant alleles of ABCG8 alle-
les; none of the patients identified has one mutation
in ABCGS and one in ABCG8. No obvious clinical dif-
ferences in disease manifestation are apparent
between patients with mutations in ABCGS or in
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ABCGS. Interestingly, most Caucasian patients have
mutations in ABCGS, whereas all Japanese individu-
als with sitosterolemia identified to date have muta-
tions in ABCGS (45).

ABCGS and ABCGS are expressed almost exclusively
in hepatocytes and enterocytes and are coordinately
upregulated by cholesterol feeding in mice (43), thus
limiting the absorption and promoting the elimina-
tion of dietary sterols. The responses of ABCGS and
ABCG8 to cholesterol feeding are dependent on liver X
receptor o (LXRa), a nuclear hormone receptor that
orchestrates the regulation of several genes involved in
the trafficking of cholesterol from tissues to the liver
(ABCA1, APOE, CETP, and others) (46). The crucial
role of ABCGS5 and ABCG8 in cholesterol homeostasis
has been revealed by genetic manipulation of the
expression of the two genes in mice. Mice expressing
no ABCGS5 or ABCGS8 provide an excellent animal
model of sitosterolemia; the mice are sitosterolemic,
have an increased fractional absorption of dietary
sitosterol, and have markedly reduced levels of biliary
cholesterol (47). Whereas the plasma cholesterol level
increases only marginally in response to increases in
dietary cholesterol in wild-type mice, plasma and liver
cholesterol levels both increase dramatically in mice
lacking ABCGS and ABCGS.

Diagnosis. The diagnosis of sitosterolemia should be
considered in individuals with xanthomatosis and
hypercholesterolemia whose parents are normocho-
lesterolemic. The disease should be suspected in
hypercholesterolemic patients who have a greater
than usual response to dietary cholesterol restriction
or to bile acid resins (Table 2). The diagnosis of sitos-
terolemia is made by extraction of lipids from the
plasma and fractionation of the sterols using gas-lig-
uid chromatography.

Treatment. Sitosterolemic patients respond poorly to
HMG-CoA reductase inhibitors but are unusually
responsive to dietary cholesterol restriction and bile
acid-binding resins (Table 2). Recently, ezetimibe,
when combined with a low-sterol diet, was shown to be
particularly effective at lowering plasma levels of plant
sterols as well as cholesterol in sitosterolemic patients
(48). This suggests that sitosterol and cholesterol enter
the enterocyte by the same pathway. Whether ezetim-
ibe will reduce the cardiovascular risk associated with
sitosterolemia remains unknown. The optimal treat-
ment for sitosterolemia is dietary sterol restriction, eze-
timibe, and a bile acid sequestrant to limit the accu-
mulation of both plant and animal sterols.

Other recessive forms of hypercholesterolemia

Cholesterol 7o-hydroxylase deficiency. Recently, Pullinger
et al. described three hypercholesterolemic siblings
(two brothers and a sister) with genetic deficiency of
cholesterol 7o-hydroxylase (CYP7AI), the first
enzyme in the classical pathway for bile acid biosyn-
thesis (49). The three affected siblings were homozy-
gous for a frameshift mutation that results in pre-

mature termination of translation and a nonfunc-
tional enzyme. The two affected brothers were hyper-
triglyceridemic as well as hypercholesterolemic, but
the levels of remnant particles in these patients were
not determined. Both brothers were reportedly resist-
ant to statin therapy, although plasma cholesterol
levels normalized on a regimen of atorvastatin and
niacin. The bile acid content of a 24-hour stool sam-
ple from a single proband was reduced by a striking
94%, which is consistent with a dramatic reduction in
bile acid synthesis.

7a-Hydroxylase deficiency presumably causes hyper-
cholesterolemia by reducing hepatic LDLR activity.
Evaluation of additional individuals with CYP7A1 defi-
ciency will be necessary to confirm that the hypercho-
lesterolemia results from the genetic defect in CYP7AI
and that the characteristic lipoprotein profile of this
disorder is an isolated elevation in LDL-C. However, the
finding that three siblings homozygous for the same
mutation were all hypercholesterolemic suggests that
disposal of cholesterol via the bile acid biosynthetic
pathway is essential for the maintenance of normal
plasma cholesterol levels in humans.

Thus, both major pathways for excretion of choles-
terol into bile appear to be required for normal cho-
lesterol homeostasis: cholesterol that accumulates
because of defects in the ABCG5/ABCGS transporter
cannot simply be quantitatively excreted by conver-
sion to bile acids, and direct secretion if cholesterol
by ABCGS5/ABCGS8 cannot compensate for reduced
bile acid synthesis.

Implications for the treatment

of hypercholesterolemia

Insights derived from the study of patients with well-
characterized monogenic disorders have implications
for the management of hypercholesterolemia in the
general population. The robust relationship between
FH and premature coronary atherosclerotic disease
provides the cornerstone supporting the primary role
of elevations in plasma LDL-C levels in coronary ath-
erosclerosis. Despite the inevitable development of clin-
ically significant coronary atherosclerosis in FH
homozygotes, the age of onset and severity of the dis-
ease vary widely, even among patients with identical
LDLR mutations (50). These findings reflect the com-
plexity of the atherosclerotic lesion and highlight the
difficulties associated with predicting the clinical
course of individual patients. Although the identifica-
tion of DNA sequence variations associated with coro-
nary atherosclerosis may provide windows into new
therapeutic targets, it is highly unlikely that assaying
single or even hundreds of DNA sequence polymor-
phisms will provide useful predictive information
regarding disease risk (51). Changes in modifiable risk
factors such as diet, cessation of smoking, weight and
blood pressure control, and, of course, cholesterol
reduction will have substantially more impact on the
incidence and progression of atherosclerosis.
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Large-scale clinical trials provide convincing evi-
dence that substantial LDL lowering reduces cardio-
vascular morbidity and mortality, even in subjects
who do not have elevated LDL-C levels (52). Since an
ever increasing proportion of the population would
benefit from LDL-lowering therapy, can we develop
ways to predict which agents will be most effective in
a given individual? The statins, our most effective
LDL-lowering agents, do not lower plasma choles-
terol levels in patients with sitosterolemia, suggest-
ing that these drugs may be less effective in patients
who have increased cholesterol absorption and
reduced hepatic cholesterol synthesis. Miettinen and
colleagues have provided evidence that plasma levels
of plant sterols may predict the relative responsive-
ness of individuals to two of the major classes of
hypolipidemic agents: those that interfere with cho-
lesterol synthesis (statins) and those that interfere
with cholesterol absorption (ezetimibe and stanol
esters) (53). Stanol esters are most effective in indi-
viduals with increased cholesterol absorption; con-
versely, statins may be less efficacious in these indi-
viduals, since the increased influx of dietary cholesterol
to the liver is associated with lower rates of hepatic
cholesterol biosynthesis (53). The interindividual dif-
ferences in the response to various lipid-lowering
agents illustrate the genetic heterogeneity underlying
polygenic hypercholesterolemia. A better under-
standing of the molecular mechanisms causing these
genetic differences may contribute to the develop-
ment of new, more individualized therapies for the
treatment of hypercholesterolemia.
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