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Abstract

Familial hypercholesterolaemia (FH), defined as the heritable occurrence of severe hypercholesterolaemia with cholesterol
deposits in tendons and premature heart disease, is caused by at least four genes in sterol and lipoprotein pathways and displays
varying gene-dose effects. The genes are the low-density lipoprotein (LDL) receptor, apolipoprotein (apo) B, proprotein
convertase subtilisin/kexin 9, and the autosomal recessive hypercholesterolaemia (ARH) adaptor protein. All of these disorders
have in common defective clearance of LDL within a complex system of lipid and lipoprotein metabolism and regulation.
Normal cellular cholesterol and lipoprotein metabolism is reviewed before describing the disorders, their metabolic
derangements and their clinical effects. FH is classified as two simplified phenotypes of disease according to the severity of the
metabolic derangement. The dominantly inherited heterozygous phenotype comprises defects in the LDL receptor, apoB100,
and neural apoptosis regulatory cleavage protein. The homozygous phenotype is co-dominant in defects of the LDL receptor,
and occurs also as the ARH of adapter protein mutations. Defective binding of apoB100 does not result in a significant gene
dose effect, but enhances the severity of heterozygotes for LDL receptor mutations. The genetic diagnosis of FH has provided
greater accuracy in definition and detection of disease and exposes information about migration of populations. All of these
disorders pose a high risk of atherosclerosis, especially in the homozygous phenotype. Studies of influences on the phenotype
and responses to treatment are also discussed in the context of the metabolic derangements.

publications on FH. This article will provide a brief review of
cholesterol metabolism in cells and circulatory lipoproteins
to provide the context in which FH occurs. The genetic

Introduction

FH is an interesting disease to which attention was drawn by

a pathologist, Harbitz, by virtue of the coincidence of lipid
deposits (xanthomata) in tendons and sudden death, before
being described by Muller as a clinical entity in the first half
of the previous century.' Studies in patients and cultured cells
revealed a defect in the receptor for LDL and culminated in
the Nobel prize for Brown and Goldstein who also
investigated the regulation of the cholesterol synthetic
pathway.”* The world-wide prevalence of FH is about 1 in
500 people. This prevalence is sufficiently high to warrant
the diagnosis and treatment of FH at primary health care level
by the World Health Organisation.* More recently, FH has
been shown to be due to other molecular mechanisms in
lipoprotein metabolism.’

In the past decade alone, there have been more than 2000

disorders are discussed, with an emphasis on the more
common disorders. Recent investigations that give insight
into the pathophysiology of disease and factors modulating
the phenotype are discussed and referenced. Although this
review focuses on the role of the LDL receptor in cholesterol
metabolism, other roles for this receptor and related receptors
are emerging in endocytosis and signalling.®

Definition of FH

FH is best defined as an entity in clinical practice that is
recognisable from features in the patient’s family and
personal history and physical examination, as well as readily
available chemical analysis of the blood. The diagnosis of FH
1s important not only for the prognosis of the patient, but also

Clin Biochem Rev Vol 25 February 2004 | 49



Marais

has implications for the family members who may have
inherited the same disorder. The clinical pattern is also an
important starting point of research for the biochemist,
clinical pathologist, epidemiologist, geneticist or healthcare
provider.

FH may be defined as an heritable disorder, involving a
single gene, that produces a clinically recognisable pattern
(in the majority of subjects) that consists of severe
hypercholesterolaemia due to the accumulation of LDL in the
plasma, cholesterol deposition in tendons and occasionally in
skin, and a high risk of atherosclerosis manifesting almost
exclusively as coronary artery disease (CAD). These
disorders all share the mechanism of decreased clearance of
LDL, but their inheritance may be autosomal dominant or
recessive and not all dominant disorders have a gene-dose
effect.

FH may be loosely classified into an “heterozygous” and an
“homozygous” phenotype (Table 1). The
heterozygous phenotype is inherited in an autosomal
dominant manner and has a LDL-cholesterol concentration
between 5 and 12 mmol/L, tendon xanthomata are common
and CAD before 55 years of age is also common. The leading
cause of the heterozygous phenotype is a mutation in the
LDL receptor. Occasionally a mutation disrupting the binding
of apoB to the LDL receptor is encountered. Recently a
newly discovered protein, neural apoptosis regulated
convertase 1 (NARCI), the product of the gene proprotein
convertase subtilisin/kexin type 9 (PCSK9) has been referred
to as autosomal dominant FH 3.

clinical

Table 1. FH phenotypes and their genetic causes.

The homozygous phenotype has more severe LDL
hypercholesterolaemia (>12 mmol/L) and typically there are
also xanthomata in the skin and tendons. On westernised
diets, the LDL-cholesterol concentration usually exceeds 15
mmol/L. Included in this phenotype of cutaneous and
tendinous xanthomata are other sterol disorders that do not
result in the same degree of hypercholesterolaemia:
phytosterolaemia and cerebrotendinous xanthomatosis
(CTX). The genetic causes of the homozygous phenotype
include the concurrence of two LDL receptor defects, but the
same phenotype is not seen with concurrence of binding
defective apoB for reasons that will be discussed below. The
homozygous phenotype is recessively inherited when
mutations disrupt the function of an adaptor protein, now
known by its property to confer ARH. Phytosterolaemia is
inherited in an autosomal recessive manner as a result of
mutations in adenosine binding cassette transporter proteins
G5 and GS8. Whilst phytosterolaemia can have significant
hypercholesterolaemia, it seldom exceeds the heterozygous
FH range. CTX, also autosomal recessively inherited, is due
to mutations in 27-hydroxylase (CYP27). CTX is not
associated severe hypercholesterolaemia.

The term FH is thus restricted to specific disorders and does
not simply mean a heritable hypercholesterolaemia. Whilst
some lipidologists may still retain the term FH specifically
for LDL receptor defects, the heterozygous phenotype was
and still is used to identify subjects who were inferred to have
LDL receptor defects but who may well have had some of the

Heterozygous

Homozygous

Clinical features Tendon xanthoma

Genetic disorders  LDL receptor: 1 allele
apoB: 1 or 2 alleles

NARC1: 1 allele

Coronary disease >25 years
5 mmol/L< LDLC <12 mmol/L

Tendon xanthoma

Cutaneous xanthoma
Coronary disease <25 years
LDLC >12 mmol/L

(Less in Phytosterolaemia and
CTX)

LDL receptor both alleles
no gene dose effect

not yet described

ARH

Phytosterolaemia

CTX
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Figure 1. Cholesterol metabolism and pathways in the
hepatocyte. The cholesterol pool receives cholesterol from
the blood through the LDL receptor (LDLR), LRP and SRBI.
Additional inputs to the cholesterol pool are from CE by
NCEH and de novo synthesis from AcCoA involving HMG-
CoA reductase. Outputs of cholesterol from the pool are to
lipoproteins as free cholesterol (FC), and CE by the reaction
of cholesterol with non-esterified fatty acid (NEFA)
catalysed by ACAT2. ACATI1 catalyses esterification of
cholesterol for intracellular storage and cytochrome P,;,7A
(CYP7A) initiates bile acid synthesis. Lipoprotein assembly
in the lumen of the ER involves (PL) and TG, apoB and MTP.
The lipoproteins synthesised by the liver include VLDL, and
VLDL,, IDL and LDL. The ligand for internalisation of IDL
is apoE (E) and for internalisation of LDL is apoB100 (B).

other defects outlined in this review. It is conceivable that
more defects for these phenotypes will still be discovered. In
this review, FH will refer to the broader context outlined in
Table 1 and will generally refer to the heterozygous pattern.

Cholesterol Metabolism and Transport

In this section cholesterol synthesis in the cell and its
regulation will be discussed. The course of cholesterol can be
traced within the cell, to its incorporation into lipoproteins
and delivery to cells, recycling, conversion to bile acids and
excretion. Figure 1 summarises cholesterol metabolism in the
hepatocyte, the most active cell in cholesterol metabolism
and homeostasis of the human body. Figure 2 depicts the
general scheme of lipoprotein metabolism.

Cellular Cholesterol Metabolism

Cholesterol is an essential component of cell membranes but
1s also used by hepatocytes and enterocytes for the
production of lipoproteins. The hepatocyte also secretes bile
that contains cholesterol and bile acids that are derived from
cholesterol. Adrenal and gonadal cells synthesise corticos-
teroid hormones from cholesterol. All nucleated cells can
synthesise the enzymes to produce cholesterol. This synthetic
pathway produces cholesterol as well as other isoprene
products involved in the prenylation of proteins and the
synthesis of ubiquinone. The rate-limiting enzyme in this
pathway is 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase. The product of HMG-CoA reductase,
mevalonic acid, appears in plasma and urine and may be used
as a guide to cholesterol synthetic acitivity. The plasma
mevalonate concentration varies in a diurnal rhythm with the
highest synthetic rate in the early hours of the morning.

There is a demand for cholesterol during cell growth and in
cells that use cholesterol for specialised purposes. To meet
such demands, the cell can synthesise cholesterol de novo,
can import it through specialised receptors such as the LDL
and related receptors, and can use cholesterol after cleavage
of stored cholesterol ester (CE) by the action of neutral
cholesterol ester hydrolase (NCEH). The regulation of both
cholesterol synthesis and importation by LDL receptors
occurs by sensing the amount of cholesterol in the
membranes. A depletion of membrane cholesterol will
up-regulate transcription of both HMG-CoA reductase and
the LDL receptor through a complex mechanism.’

The upregulation of cholesterol synthesis and importation in
the time of need is made possible by an interaction of a
regulatory protein with the promoters of the genes for the
LDL receptor, HMG-CoA reductase and HMG-CoA
synthase. The LDL receptor promoter has three imperfect
repeats. Repeat 2, consisting of 16 base pairs, forms a sterol
regulatory element (SRE) that interacts with the SRE binding
protein (SREBP) under cholesterol deprivation. SREBP has
three isoforms in humans, each comprising approximately
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Figure 2. Lipoprotein metabolism in plasma and RCT.

Predominantly TG-rich lipoproteins are secreted into the plasma: CMs containing apoB48 from the intestine and VLDL, and
VLDL, from the liver, containing apoB100. The TG in these lipoproteins is hydrolysed by LPL on vascular endothelium to
release non-esterified fatty acids (NEFA) and redundant phospholipid, free cholesterol and apoA-I bud off to form HDL. IDL
constituting remnants of the TG-rich lipoproteins leaves the plasma by virtue of the ligand, apoE. HL acts on IDL to produce
LDL. Large LDL (LDL,) becomes enriched with TG by exchange between the TG-rich lipoproteins and cholesterol-rich LDL
by the action of CETP. HL converts the TG-rich LDL, to a smaller LDL species (LDLg). LDL enters the liver as a result of
apoB100 being a ligand for the LDL receptor, but oxidatively modified LDL (oxLDL) as well as LDL complexed with antibody
(LDL:Ab) can be internalised by macrophages depicted in the lower left hand corner. The macrophage cholesterol pool is
regulated by esterification of cholesterol to CE by ACAT1 and export via the adenosine binding cassette transporter Al
(ABCAL) as free cholesterol (FC) to HDL. LCAT esterifies cholesterol and thus increases the size of smaller HDL into the
density range of HDL, and subsequently into more buoyant HDL,. NCEH catalyses the production of cholesterol from CE.

1150 amino acids. SREBP has three domains: the
amino-terminal domain contains a basic helix-loop-helix

is stationary until cholesterol depletion permits its migration
to the Golgi apparatus. In the Golgi apparatus two

leucine zipper region that enables it to bind to DNA, a
carboxy-terminal domain binding to sterol cleavage
activating protein (SCAP) at the cell membrane, and an
intermediate domain that contains two transmembrane
portions linked by a loop of about 30 amino acids into the
lumen of the endoplasmic reticulum (ER). SCAP is
associated with SREBP in the membrane where the complex
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membrane-bound proteases process the SREBP:SCAP
complex to create a cleavage product that migrates to the
nucleus. Site 1 protease is a serine protease that cleaves the
loop in the central domain of SREBP. Site 2 protease is a
metalloprotease that cleaves the amino-terminal portion of
SREBP that translocates to the nucleus. Additional
complexity is introduced into the regulation of lipid
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metabolism by the three isoforms of SREBP. Alternative
transcription start sites on chromosome 17 create differences
in exon 1 of SREBP to produce SREBPla and SREBPIc.
SREBP2 is coded on chromosome 22. Whilst SREBP1a has
broad specificity for all genes with SREBP response
elements, SREBP1c favours promoters of genes for fatty acid
synthesis and SREBP2 enhances cholesterol synthesis and
importation into the cell.

Cholesterol importation into cells typically involves a high
affinity, saturable process by means of the LDL receptor and
a low affinity process of passive association with the cell
membrane and internalisation. Additional receptors, such as
the LDL receptor-related protein (LRP), may import
lipoproteins in certain cells.®* Whilst the low affinity process
accounts for very little uptake at low concentrations of LDL,
higher concentrations of LDL may result in the
internalisation of sufficient cholesterol to result in storage of
cholesterol as its ester, to regulate cholesterol synthesis and
possibly also LDL receptor expression. At least some
contribution to low affinity clearance may be attributable to
an interaction of fatty acids with cell membranes at
physiologically appropriate concentration’ and some
clearance may also take place by means of the scavenger
receptor B1 (SRBI1) even though this receptor has
conventionally been viewed as a receptor for other
lipoproteins.'

The LDL Receptor

The LDL receptor is a well-characterised transmembrane
protein encoded on chromosome 19 and comprises 18 exons
in 48 kb.? The 843 amino acids can be placed in the following
domains: ligand-binding domain (about 292 amino acids,
exons 2 to 6), epidermal growth factor precursor homologous
domain (about 400 amino acids, exons 7 to 14), a
carbohydrate-rich domain (about 58 amino acids, exon 15), a
transmembrane domain (about 22 amino acids, exon 16) and
a cytoplasmic tail (about 50 amino acids). The protein is
translated to form a 120 kDa precursor that matures in the
Golgi apparatus to 160 kDa before being transported to the
cell surface. On the cell surface it finds its way to the
clathrin-coated pits.

The amino-terminus of the LDL receptor is situated
extracellularly and has 7 repeats of about 40 amino acids in
the binding domain. Cysteine is prominent in these “LDL-A”
modules that mediate binding to lipoproteins." Binding
requires calcium and involves interaction with negatively
charged amino acids. The fifth repeat is essential for binding
apoE whilst repeats 2 to 7 are necessary to bind the larger
ligand, apoB. After synthesis and maturation, the LDL

receptor 1s sorted and trafficks to the basolateral surface of
the cell. The bound complex of lipoprotein and receptor is
internalised through the clathrin-coated pit with assistance by
adapter proteins. The cytoplasmic tail has an important
function in signalling internalisation. Once in the endosomal
trafficking system, the LDL receptor dissociates from the
lipoprotein during acidification; the epidermal growth
factor-like domain is critical for this function. The epidermal
growth factor-like domain has repeats A and B, a B-propeller
structure and a repeat C. The B-propeller region competes for
binding to the LDL-A repeats 4 and 5 and the lipoprotein
leaves the LDL receptor in the endosome.> Hereafter, the
lipoprotein proceeds to the lysosome for enzymic
degradation into its constituent cholesterol, fatty acids and
amino acids. The receptor recycles approximately 150 times.

Since excess cholesterol in cell membranes imparts
unfavourable properties, excess cholesterol is metabolised
within cells to CE by the action of acylcoenzyme
A:cholesterol acyltransferase (ACAT). This enzyme is
embedded in the membrane and is allosterically activated by
cholesterol. ACAT1 is a transmembrane protein with its
catalytic site orientated towards the cytosol which houses the
cholesterol ester formed under overloading conditions. Under
conditions of cholesterol overload, HMG-CoA reductase is
subject to instant control through phosphorylation.
Furthermore, excess cholesterol will also result in
down-regulation of HMG-CoA reductase and LDL receptors
by limiting the migration of the SREBP-SCAP complex.
Cellular cholesterol balance has been reviewed in detail
recently.” Adenosine binding cassette (ABC) protein Al
facilitates transfer of intracellular cholesterol to apoprotein or
lipoprotein acceptors to rid cells of excess free cholesterol."

Lipoprotein Synthesis

Lipoproteins, composed of lipid and apolipoproteins, are a
means of transporting insoluble lipids, chiefly triacylglycerol
(TG), CE and cholesterol. Different mechanisms exist to
target TG and cholesterol within lipoproteins to cells that
require fatty acids and/or cholesterol. Lipoproteins generally
have a spherical shape but vary significantly in size, density,
and constituent lipids and apoproteins. Greater lipid content
makes for larger diameters and lower density, chiefly by TG
content. The shell contains phospholipid (PL), cholesterol
and apoproteins while the core contains TG and CE.

The enterocyte and hepatocyte are the sites of assembly for
TG-rich lipoproteins, using apoB for assembly of the
lipoproteins. The TG-rich lipoproteins secreted by the
enterocyte are termed chylomicrons (CM) and those secreted
by the hepatocytes are termed very low-density lipoproteins
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(VLDL). The enterocyte uses an edited mRNA of apoB100 to
synthesise apoB48."” CMs contain one copy of apoB48 and
VLDL contains one copy of apoB100.

Almost half of the cholesterol in the gut is absorbed but this
efficiency varies amongst individuals. Enterocytes, like
hepatocytes, express ACAT?2 that produces CE but in contrast
to ACAT1, its catalytic site is on the lumenal aspect of the
ER. The CE globules as well as those of TG in the lumen of
the ER, are used in lipoprotein assembly. Both enterocytes
and hepatocytes initiate lipoprotein assembly by adding a
critical initial amount of neutral lipid to apoB so that this
constitutively expressed protein is protected from
ubiquitinylation and degradation. The critical protein
responsible for this is microsomal TG transfer protein
(MTP). Further remodelling of the lipoprotein takes place in
the Golgi region before secretion.

As may be expected, there is in reality a range in size and
content of lipoproteins secreted by lipoprotein-producing
cells, especially by hepatocytes. These include: TG-rich
VLDL with flotation rates of S; 60-400 termed VLDL,,
smaller CE-rich VLDL (S; 20-60) termed VLDL,,
intermediate-density lipoproteins (IDL, S; 12-20) and LDL
(S;0-12).

Lipoprotein Metabolism

A general scheme of lipoprotein metabolism is presented in
Figure 2. CMs enter the venous circulation from the thoracic
duct and lipoproteins made by the liver enter the hepatic
venous system. Redistribution of apoproteins from especially
high-density lipoprotein (HDL) supplies the bulk of the
apoproteins on these TG-rich lipoproteins.

The circulating TG-rich lipoproteins attach briefly to
proteoglycans in the vascular beds of muscle and adipose
tissue. Lipoprotein lipase (LPL) also resident on the proteo-
glycans, is activated by apoC-II and inhibited by apoC-III.
TG 1s hydrolysed by activated LPL to release fatty acids that
will diffuse into the tissue or be sequestered on albumin. The
lipolytic process results in a smaller core and the redundant
shell around the core buds off with apoA-I to form HDL.

The remnants of CM and VLDL return to the liver, being
cleared by virtue of apoE that serves as the ligand for the
LDL receptor, as well as the LRP. VLDL remnants, entering
the IDL flotation range, are further hydrolysed by hepatic
lipase (HL) to produce LDL. ApoB is the only apoprotein on
LDL. Only on LDL will apoB serve as the ligand for the LDL
receptor.
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Whilst it is known that the liver can secrete a range of apoB-
containing lipoproteins, the classical pathway is the
production of mainly VLDL, with subsequent conversion of
this lipoprotein through VLDL, to IDL before being removed
into the liver from the circulation; but some IDL is
metabolised to LDL. The half-lives of the lipoproteins
increase down the lipolytic cascade, with LDL being the
longest resident in plasma.

The larger lipoproteins are remodelled in the circulation by
LPL as mentioned above. Smaller lipoproteins like IDL, LDL
and HDL are modified by HL. An additional complexity is
brought about by CE transfer protein (CETP) which
exchanges neutral lipids between lipoproteins; TG being
moved towards cholesterol-rich LDL and HDL, and CE
being moved from these lipoproteins to CM and VLDL. The
latter two apoB-containing lipoproteins can thus participate
in the reverse cholesterol transport (RCT) of cholesterol from
HDL to the liver. TG-rich LDL and HDL are substrates for
HL, the action of which will decrease their size by hydrolysis
of TG.

The lipoproteins that lack apoB constitute mainly HDL. This
class of lipoproteins is important for RCT. The other
functions of HDL include being a reservoir for apopoproteins
A, C and E, CETP and lecithin:cholesterol acyltransferase
(LCAT), the provision of anti-oxidant activity by
paraoxonase, and modulation of endothelial function and
immunity. Having accepted cholesterol from a cell, a small
HDL particle will enlarge as a result of esterification of
cholesterol by LCAT as CE migrates to the core and
additional cholesterol that i1s now accommodated in the shell,
also becomes esterified. Not only can HDL transfer CE to the
TG-rich lipoproteins, but it can deliver it directly to the liver
through SRB1.

Clinical Aspects of FH

In clinical practice, the heterozygous FH phenotype (see
Table 1) is encountered most often whilst the rarely
encountered homozygous phenotype has much worse
sequelae. Patients with FH typically presented with
premature CAD in the past but today with greater awareness,
simpler chemical assays that are widely available, the
diagnosis 1s made earlier. FH management with modern drug
treatment has improved the prognosis.'

The family history of premature ischaemic heart disease is
very helpful to identify an autosomal dominant mode of
inheritance and the patient’s ancestry may suggest the
molecular defect if there is a link to a population with a
founder effect. Despite the high risk of heart disease in
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Figure 3. Clinical manifestations of FH.

Top left panel: arcus cornealis is a thin white crescentic line
due to cholesterol deposition, typically on the lower aspect
of the cornea. Top right panel: thickening of the Achilles
tendons above the heels due to xanthoma formation. Bottom
left panel: the tendons of the middle and ring fingers of this
hand have visible thickening due to xanthoma formation
adjacent to the knuckles and there are two small xanthomas
in the skin. Bottom right panel: skin xanthomata on the
hands of a child with homozygous FH, the planar
xanthomata on the webs between the fingers being highly
specific for this condition. Tendon xanthomata appear later.

heterozygous FH, the risk is significantly modified by other
genes and environmental factors, so that the family history
may occasionally be misleadingly benign. In such a setting, a
recessive disorder should be considered, or a new mutation
giving rise to a dominantly inherited pattern should be
considered.'”"®

Physical signs due to lipid deposition in the eye, the skin, and
the tendons are valuable, but not invariant clues. The physical
signs are depicted in Figure 3. The heterozygous phenotype
generally has tendinous manifestations alone and the
homozygous phenotype tends to have both tendinous and
cutaneous manifestations. In the heterozygous phenotype the
manifestations are usually not readily apparent until about the
age of 25 to 30 years, whereas in the homozygous phenotype
they are usually evident before the age of 10 years.

The palpation of the Achilles tendon requires some
experience, but is the best clinical sign for diagnosing FH.
Ultrasound examination can establish more accurate
dimensions. Thickening of the tendons by cholesterol
deposition may lead to inflammation and pain and eventually
the deposition of lipid leads to an irregular surface with
nodules and sometimes visibly enlarged tendons. The high
tension transmitted through the relatively avascular tendon to
its septae containing the blood vessels is presumed to cause

exudation or bleeds into the tissue. The connective tissue
appears to bind lipoproteins and cholesterol accumulates.
RCT is not effective as the high plasma LDL concentration
and the relatively poor blood supply favour the accumulation
of tissue lipid. Uncommonly, xanthomata also form in the
extensor tendons to the fingers and rarely elsewhere in the
body. The detection of xanthomata at clinical examination
not only has diagnostic implications, but may also indicate
risk, as FH subjects with xanthomata were found to have
more heart disease."”

Deposition of lipid on the cornea of the eye results in a
crescentic white line referred to as an arcus cornealis. The
deposition of lipid in the eyelids as flat yellow plaques,
referred to as xanthelasma, is not specific for FH and may
even be observed in individuals without significant
disturbances of the plasma lipoproteins.

Vascular Disease in FH

Subclinical atherosclerosis is evident in young persons with
FH when sought by vascular imaging techniques. In
homozygous FH patients, aortic stenosis is a well-established
complication as a result of lipid deposition in the aortic valve
and root. Other vessels may also have turbulent flow in
homozygous FH, especially the femoral arteries.

Atherosclerosis is imperfectly understood, but is clearly a
multifactorial disease in which especially in FH, LDL
hypercholesterolaemia plays a strong role. In FH, the disease
1s more severe and results in clinical complications earlier.
High concentrations of LDL, resident in the circulation for
prolonged periods, permit more oxidative modification in the
circulation and tissues. These oxidised lipoproteins influence
vascular endothelium adversely, promoting the attraction of
monocytes that penetrate into or remain in the
sub-endothelial space, where an indolent form of chronic
inflammation takes place.”® Monocytes mature into
macrophages that take up the lipid to become foam cells
when ACAT1 esterifies cholesterol. Whilst the proportion of
apoB that is glycated is normal in FH, the absolute
concentration 1is increased.”’ This may contribute to
atherosclerosis by the adverse effects of advanced glycation
endproducts. Under relatively low rates of entrance of
post-prandial and endogenous lipoproteins into the arterial
wall and low oxidative stress on these lipoproteins, RCT may
counter atherogenesis and its complications that include
inflammation, plaque rupture and thrombosis. The pathological
outcome in a high risk condition such as FH, may thus still be
modulated by many additional factors to apoB-containing
lipoproteins, including RCT and factors governing tissue
responses suggested above.
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FH can thus serve as a model for investigating the utility of
other strategies for prevention of atherosclerosis, even if the
contribution from other risk factors may be greater in less
severe dyslipidaemia. Modern non-invasive vascular imaging
with ultrasound has also shown that the intima-media
thickness of the carotid increases more rapidly in adolescents
with FH, when compared with their peers.” Vascular
endothelial function is impaired in children with FH.”
Aggressive lipid-lowering therapy can improve the vascular
abnormality in FH.*

Pathophysiology of FH

The genetic reasons for the heterozygous phenotype are
mutations in the LDL receptor, apoB100 and NARCI. All 3
are characterised by an increase in LDL-cholesterol and
normal VLDL concentrations. There is controversy about the
metabolism of remnants of TG-rich lipoproteins, especially
with LDL receptor defects. Differences in biochemical
derangement and atherogenic impact LDL receptor and apoB
defects are also controversial, along with responses to
treatment.

LDL Receptor Defects

The discovery of the LDL receptor and its defective function
led to a great advance in the understanding of the
pathophysiology of FH.*> Although importation rates of
cholesterol into growing cells would theoretically be
impaired and plasma concentration approximately doubled in
heterozygous FH, cells can compensate by synthesising more
cholesterol and can also obtain more cholesterol by low
affinity processes as a result of a higher concentration in their
surrounds. Assuming for the moment that hepatocytes export
lipoproteins at a normal rate in FH, hyperlipidaemia will
result from reduced clearance of IDL and LDL. A reduction
in the clearance of IDL would promote conversion of IDL to
LDL, compounding the increase in LDL already induced by
the decreased clearance of LDL. The clinical homozygous
FH phenotype may be due to a true genetic homozygote
which has the same mutation on both alleles, or may be due
to a genetically compound heterozygote in which a different
mutation is found at each allele. The impact on LDL
hypercholesterolaemia is much more severe, with more
striking clinical features and vascular disease.

The hepatocyte has significant demands for cholesterol.
De novo synthesis of cholesterol and some input from LDL
receptor activity may be regulatable, but the higher plasma
LDL-cholesterol concentration results in greater uptake of
cholesterol and storage as CE. An increase in CE may be
postulated to cause greater lipoprotein production that
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compounds the LDL hypercholesterolaemia. When both
genes for the LDL receptor are dysfunctional, the impact
would be worse because clearance of LDL is negligible or
absent. Depending on the dietary cholesterol intake and
absorption, biliary secretion and bile acids synthesis and
losses, de novo synthesis of cholesterol will vary in the
maintenance of the steady state conditions in FH.

Initially, LDL receptor activity was studied in the
homozygous phenotype. The LDL receptor activity was
declared “defective” if LDL handling by the cultured
fibroblasts was low (<30%), and “negative” if the handling
was <2% when compared with normal fibroblasts. Typically
radio-iodinated LDL and a monoclonal antibody, IgGC7 are
used to describe LDL handling in fibroblasts which have
undergone incubation in a lipoprotein deficient medium to
maximally upregulate LDL receptors. At 4°C, LDL receptor
trafficking is disrupted and binding to the cell surface can be
studied, the number of receptors can be determined using the
antibody and their binding activity by using LDL.
Immunoprecipitation of radio-isotopically labelled LDL
receptors can be used to examine their expression and
maturation in cells.

Defects in the LDL receptor are functionally divided into six
classes depending on the impact of the mutation on the
presence of mRNA, receptor maturation in cells, disparity
between LDL and immunoglobulin binding on the cell
surface, LDL receptor degradation and trafficking. Class 1
defects, mainly due to promoter mutations, leave no
detectable mRNA and no detectable LDL receptor. Class 2
defects are due to mutations that retard the maturation of the
LDL receptor by glycosylation, from 120 to 160 kDa; either
in a limited fashion (class 2B) or completely (class 2A).
Mutations such as D206E in exon 4 and involving binding
modules, have persistent folding defects demonstrable on
nuclear magnetic resonance spectroscopy that will influence
maturation.” In Class 3 the defective LDL receptors mature
normally but have defects in binding the ligand. In Class 4,
mutated LDL receptors mature normally to occupy the cell
membrane but are not internalised, typically due to mutations
in the cytoplasmic tail. Class 5 mutations relate to LDL
receptor degradation that prevents receptors from reaching
the cell surface and from recycling to the cell surface. Class
6 mutations are due to a failure of directing LDL receptors to
the basolateral surface of polarised cells.*

The determination of the amino acid sequence of the LDL
receptor and the impressive developments in molecular
biology over the past two decades have permitted the
characterisation of related receptors to the LDL receptor.”’
Numerous defects in the LDL receptor have been catalogued
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and gave an understanding into their functional impact.”® A

register of LDL receptor mutations is available at a website
(http//:www.ucl.uk/th).”

Familial Binding Defective apoB100

In contrast to the numerous mutations in the LDL receptor
disrupting the binding of apoE and apoB, very few mutations
have been reported in apoB100 that will disrupt binding to
the LDL receptor.

ApoB100, a large protein of 550 kDa, is encoded on
chromosome 2 and has 26 exons. The binding region is rich
in positively charged amino aids and interacts with the
binding domains of the LDL receptor when the conformation
is appropriate on LDL. As a result of impaired clearance
relative to normal apoB, the defective apoB100 becomes
enriched in LDL. In contrast to subjects with LDL receptor
mutations in whom IDL clearance will be impaired, apoE
remains a normally functioning ligand on these particles in
familial binding defective apoB100 (FDB). The functional
LDL receptor in these subjects will permit normal entry of
cholesterol into the liver from remnants of CM and VLDL.
This was confirmed by a study in which there was decreased
production of LDL.** A compensatory upregulation of LDL
receptors can be expected to ameliorate the biochemical
abnormality in heterozygotes for FDB and especially in
homozygotes.

The clinical phenotypes of LDL receptor mutations and FDB
are very similar, but FDB does seem to be biochemically less
severe in children.’’ Increased LDL receptor activity during
growth may be responsible for this finding. In a comparison
of the impacts of LDL receptor and apoB mutations on
atherosclerosis, it was found that LDL receptor mutations
rendered the plasma lipoprotein concentration higher and
was associated with higher incidences of coronary artery
complications, as well as carotid plaques.’” There is evidence
that there is a more benign phenotype for FDB when
compared with LDL receptor defects in adults,” but the
clinical features and complications are so similar for the
heterozygous phenotype that they could be viewed as
identical.***’

In homozygous FDB, there appears to be no significant gene
dose effect.”® Two homozygotes for FDB were reported to
have cholesterol concentrations in the range for heterozygotes
for LDL receptor mutations.” The binding affinity for LDL
receptors of VLDL was shown to be normal in these subjects
whilst LDL affinity was 10% of normal. In homozygous FDB,
the longer plasma residence time of the LDL particle renders
it smaller, presumably from modulation by CETP and HL.*

FDB has been attributed to recurrent mutations. A Chinese
subject was shown to have the R3500Q mutation on a
different haplotype of apoB100 to Caucasian subjects with
the same condition.* There appears to be a higher prevalence
of FDB in subjects of Celtic origin and even a founder effect
in central Europe for FDB that is very rare in some
populations, including Finland.**

ARH

The homozygous FH phenotype in subjects whose parents
had normal plasma lipoprotein concentrations was found to
relate to a problem of LDL receptor internalisation.*
Endocytosis was disrupted less in up-regulated cultured
fibroblasts than in lymphoblasts. The disorder is due to
mutations in the adaptor protein for endocytosis of the LDL
receptor.” A very specific interaction between the
cytoplasmic tail of the LDL receptor (NPVY) with the
phosphotyrosine binding domain of ARH is defective, failing
to link the LDL receptor to clathrin and the adapter protein 2.*
The impact on the clearance of LDL into the liver is such that
a homozygous FH phenotype results. This disorder seems to
be more prevalent in Sardinia.”

Other FH Phenotypes

Autosomal dominant FH3 refers to a heterozygous FH
phenotype due to mutations in NARCI1, a protein of 692
amino acids coded for by the gene PCSK9 on chromosome
1p32.% This protein is part of the subtilase family of proteases
that includes subtilisin kexin iso-enzyme 1/site-1-protease
that has an important role in sterol regulatory element
binding protein metabolism.

Phytosterolaemia is due to an overabsorption of plant sterols
from enterocytes, as well as an underexcretion from
hepatocytes into the bile as a result of disruptions of ABC
transporters G5 and G8 and has variable LDL hypercholes-
terolaemia and high plasma plant sterol concentrations. CTX
is due to mutations in cholesterol 27 hydroxylase, an
essential step in cholesterol oxidation for bile acid
synthesis.” Although LDL-cholesterol is not raised, the
xanthomata resemble the homozygous FH phenotype, but in
addition the nervous system and lenses of the eye are
affected.

Lipoprotein Metabolism in FH
A detailed description of serum apoproteins in FH found

apoB concentration to be 2.5 times normal, consistent with
the elevation in LDL-cholesterol.” ApoC-I, C-II and E were
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significantly increased whilst apoA-I and apoA-II
concentrations were not significantly different.

Turnover studies done with radio-iodinated ultracentrifugally
isolated apoB-containing lipoproteins were traditionally
employed to study lipoprotein metabolism, but currently
synthetic rates and clearance rates for apoB-containing
lipoproteins can be worked out more directly with stable
1sotope studies.’* Non-steady state kinetic analyses may also
be done, but are subject to several assumptions, the most
important of which are the occurrences of compensatory
changes in production or clearance as a result of interventions
(plasmapheresis). A direct comparison of steady state kinetics
with radio-iodine studies and plasma exchange was done by
Eriksson et al. who found that radioiodination studies yielded
higher synthetic rates in normal and heterozygous FH states.>
Maugeais et al. also found no statistically significant
differences between modelling with stable isotopes and non-
steady state kinetics after apheresis in heterozygous FH,
although there was a trend for increasing the clearance of
LDL that may be attributable to an upregulation of LDL
receptors.” In homozygous FH, non-steady state turnover
data may be more reliable because of the very low LDL
receptor activity.

The traditional view that a defect in the LDL receptor brings
about an increase of LDL only as a result of decreased
clearance, most, but not all of the
dyslipoproteinaemia in FH. The overproduction of
apoB-containing lipoproteins, the suppression of HMG-CoA
reductase and the increased hepatic content of cholesterol in
FH were indicators of a need to review the classic paradigm.™
Barrett and Watts more recently reviewed the possibility of
increased production of apoB-containing lipoproteins and
concluded that there is increased production of apoB-
containing lipoproteins in FH.*

explains

A comparison of the turnover of apoB-containing
lipoproteins in normal and FH subjects, revealed that in
normal subjects almost all the LDL is formed from VLDL
while in FH almost a third of LDL is formed by the secretion
of IDL-LDL particles.”® Additionally, there was almost
complete conversion of VLDL to LDL in FH, whereas in
normal subjects there is considerable efflux of TG-rich
lipoprotein remnants. Investigations of heterozygous FH and
normal subjects found increased LDL production in
heterozygous FH as well as a reduced fractional catabolic
rate.” A study undertaken by Zulewski et al. found increased
production of apoB containing lipoproteins in subjects with
heterozygous FH phenotype, including FDB.” A study
examined the impact of high carbohydrate low fat diets that
are generally accepted as lowering plasma cholesterol in
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normal subjects and FH.*® As expected for such diets, plasma
TG was raised. Kinetic modelling of apoB revealed increased
production of more TG-rich VLDL and a greater delay in its
release. Only normal subjects showed increased clearance of
the precursors for LDL. Both normal and heterozygous FH
subjects had increased clearance of LDL. It can be deduced
that dietary cholesterol restriction increased LDL receptor
expression but not cholesterol synthesis as faecal sterol
balance studies showed a decrease in cholesterol synthesis.

There is no final explanation for the overproduction
(over-secretion) of smaller, cholesterol-rich lipoproteins in
FH. It is possible that the higher influx of cholesterol through
low-affinity processes, compounded by a lack of a
mechanism to regulate this influx, leads to increased
cholesterol esterification, at least in part by ACAT2, and
becomes available in the lumen of the ER where this neutral
lipid can promote the commitment of apoB to synthesis of
smaller cholesterol-rich lipoproteins. Another attractive
hypothesis is that functional LDL receptors could retain
newly synthesised lipoproteins and possibly target them for
degradation during vesicular trafficking in the cell. Evidence
for this came from the observation that a LDL receptor
mutation construct that retains the receptors in the ER,
practically abolished the secretion of apoB-containing
lipoproteins.” This effect was examined quantitatively in cell
culture experiments: LDL receptor-negative cells degraded
less than 20% of apoB whereas wildtype cells degraded about
55%.% LDL receptors may thus modulate pre-secretory
degradation of apoB and/or mediate immediate re-uptake and
degradation of secreted lipoproteins. The overproduction of
apoB-containing lipoproteins in FDB could be as a result of
the same phenomenon when this ligand does not bind the
LDL receptor.”

A turnover study of apoB in normal, LDL receptor deficient
and FDB subjects revealed similarly decreased FCR for LDL
in the LDL receptor deficient and FDB subjects but striking
differences in the conversion of VLDL to LDL: this step was
44% less in FDB when compared to the other two states.®

HDL metabolism is also of interest in FH. Whilst the
contention that HDL cholesterol is generally low in FH may
be true, in clinical practice there is significant variation. A
preponderance of smaller HDL species was linked to
increased HL activity in FH.® A detailed study found that
HDL cholesterol, but not apoA-I concentration, was lower in
FH when compared to normal subjects.” This was also found
previously.” The production and clearance rates of apoA-I
were both increased. To establish whether LDL concentration
influences HDL metabolism directly, subjects with FH who
had undergone plasmapheresis to reduce LDL concentration,
were studied.* The HDL measurements were stable. The
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calculated fractional catabolic rate for apoA-I was not
statistically significantly higher, but the production rate
increased.

Biliary cholesterol excretion may be increased in FH. A
decrease in the cholesterol saturation index of fasting gall
bladder bile was noted during treatment with pravastatin,®
and another study confirmed supersaturation of bile with
cholesterol.*

Lipoprotein(a) [Lp(a)] is formed by the linking of a LDL-like
lipoprotein by a disulphide bridge to apo(a). The apo(a)
consists of kringle-like repeats probably duplicated from
plasminogen and apo(a) also has an inactive protease domain
of plasminogen. The number of kringle repeats determines
the molecular mass of apo(a). The plasma concentration of
Lp(a) is determined by the molecular mass of apo(a), in an
inverse fashion. It appears that the production rate of Lp(a) is
the main determinant of its concentration,” and its clearance
is little affected by homozygous FH.® Nevertheless,
heterozygous FH is associated with a higher plasma
concentration of Lp(a) and this appears to affect prognosis.”

Repeated elevations of serum creatine kinase of skeletal
muscle origin in about 40% of heterozygous FH subjects who
were untreated and in whom exercise was not contributing to
such elevations, suggests that there may be secondary
abnormalities in muscle function.” Heterozygous FH
subjects had greater exercise-related release of creatine
kinase and myoglobin, but was not aggravated by
simvastatin.”

Genotype-Phenotype Interactions

The heterozygous and homozygous FH phenotypes are
subject to considerable variation in their degree of metabolic
derangement, as well as clinical and therapeutic outcome.
Modulation of the phenotype may not only relate to the gene
responsible for the disease, but also may relate to the impact
of the mutation on this molecule. Additionally, other proteins
that modulate lipoprotein assembly, metabolism and
clearance can influence the phenotype.

Residual LDL receptor activity influences LDL concentration
in heterozygous FH. A LDL receptor mutation that confers a
very mild phenotype lacks exon 15 which is thought to act
only as a stalk for the receptor.”” A comparison of plasma
LDL concentration in Afrikaners with a defective mutation
(D206E) and a negative mutation (V408M) in the LDL
receptor demonstrated significant differences in LDL-
cholesterol concentration.” Amongst French Canadian
heterozygous FH subjects, receptor-negative patients had

worse hypercholesterolaemia and more vascular disease.™
In the homozygous phenotype, LDL receptor activity also
influenced the LDL-cholesterol concentration, with almost
no overlap between negative and defective LDL receptor
status in French Canadians.”

Since remnants of the TG-rich lipoproteins are cleared by the
binding of apoE to the LDL receptor and LRP, it is of interest
to examine the clearance of remnants in FH. CM can be
labelled with orally administered retinyl esters and the
plasma excursion of retinyl palmitate can be followed in
whole plasma or in different density fractions for analysis. An
alternative strategy to examine CM clearance is to measure
plasma apoB48 concentration. Cabezas et al. examined
retinyl palmitate clearance in untreated heterozygous FH and
normal subjects.” Whilst TG clearance (lipolysis) displayed
no difference, retinyl palmitate clearance was delayed
significantly in FH. ApoB48 concentration in heterozygous
FH was more than double that of normal persons.””” This
abnormality was also reported in homozygous FH.” Retinyl
palmitate clearance was not abnormal in the early part of an
oral fat loading test in homozygous FH.* The findings by
Watts et al. in a novel breath test that examined oxidation of
C"-labelled acyl-cholesterol in subjects with proven LDL
receptor defects in the homozygous phenotype, also
suggested that remnant-like particle clearance is not
impaired.®" Since apoB48 is a specific and sensitive marker
for chylomicron remnant clearance and increased CM
production is unlikely in FH, its elevation should be taken as
proof of impaired clearance of remnants of TG-rich
lipoproteins.

ApoE influences the LDL-cholesterol concentration: the E,
isoform binds poorly to the LDL receptor and results in
delayed clearance of remnants and consequently in increased
clearance of LDL after up-regulation of the LDL receptor. In
the setting of normal production rates of VLDL and limited
dietary fat intake, apoE, homozygosity is thus associated
with a lower LDL concentration, whilst apoE concentration is
increased. ApoE, homozygosity is associated with higher
LDL-cholesterol concentration, that is attributable to
increased absorption. The impact of apoE on the FH
phenotype has not been consistent. ApoE isoforms were not
found to influence LDL concentration in several studies.**

Cholesterol esterase is an enzyme of pancreatic origin that
requires bile acids for full activation. Unexpectedly, it
appears to influence plasma LDL concentration significantly
in normal individuals and to promote the formation of
smaller LDL particles. In FH, serum cholesterol esterase
activity 1s not increased, but its impact on LDL concentration
1s not known.®
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The possible influence of the TaqIB polymorphism in CETP
on the heterozygous FH phenotype was examined by
Carmena-Ramon et al.*® The B2 allele was associated with
higher HDL-cholesterol as well as apoA-I concentrations and
lower LDL-cholesterol. This seemed to translate to a more
benign clinical phenotype.

ApoH, modulating lipolysis, was found to influence the TG
concentration by the V247L mutation.¥” A functional
polymorphism of MTP was found to influence the lipoprotein
phenotype of FH differently to normal subjects.®
The -439G/G status in the promoter for MTP was responsible
for practically a doubling of serum TG concentration when
compared with the T/T status. In contrast to healthy
individuals, there appeared to be no effect on LDL
concentration in FH. This supports the notion that lipoprotein
clearance and not production, is the major problem in FH.

The ApoA-I promoter polymorphism (-75 A/G) that may
influence metabolism of HDL and indirectly also LDL, had
an impact on LDL and apoB concentrations with G/A
subjects having lower values.” A normal variant of apoA-IV
that may influence fat absorption, apoA-IV-2, was
responsible for a mild lowering effect on LDL cholesterol in
heterozygous FH, but less dietary responsiveness of LDL
cholesterol concentration.”

A curious variant form of FH has corneal opacification, and
polyneuropathy, as well as stroke due to carotid disease.”
The index patient had a mosaicism of 46XX/45XO0, defective
monocyte function and elevations of serum lipid
hydroperoxides. This is presumed to be due to additional
genetic abnormalities to the causes of FH.

A genetic disorder, unrelated to lipoprotein metabolism, may
affect the phenotype of FH as well. In Sardinia, subjects with
proven mutations of the LDL receptor had an average
lowering of LDL cholesterol by 2.49 mmol/L when the
subject also inherited B-thalassaemia.” The mechanism may
relate to consumption of LDL by erythroid hyperplasia.

Coexistent Dyslipidaemias with FH

LDL particle size and density vary according to the
properties of the secreted form of the lipoprotein and the
modulation of LDL particle size by hypertriglyceridaemia,
CETP and HL. The metabolic syndrome (atherogenic
lipoprotein phenotype) in subjects with insulin resistance is
characterised by mild hypertriglyceridaemia, low HDL-
cholesterol and small LDL particles. This lipoprotein
phenotype is due to environmental and likely multiple
genetic factors. In diabetes, the lack of suppression of
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hormone-sensitive lipase in adipocytes leads to increased
release of fatty acids. After re-assembly of fatty acids into TG
in the liver, the increased secretion of VLDL, as well as a
modest reduction in the expression of LPL in the diabetic
state, leads to hypertriglyceridaemia, low HDL-cholesterol
concentrations and small dense LDL, as well as increased
glycation of plasma proteins. To date, there has been little
information on the interaction of diabetes and FH, although it
1s known that remnants are increased even further in diabetics
or in subjects who have impaired glucose tolerance.” LDL
particle size was described as being large in 16 of 26 FH
subjects and was influenced by TG concentration.”* More
studies are required to establish whether LDL in FH has the
same sensitivity to modulation and whether small LDL has a
significant impact on the pathogenesis of atherosclerosis.

The co-existence of FH and FDB has been described.”*’
The clinical features of the complex heterozygote for LDL
receptor and apoB mutations was no different to
heterozygous FH in one case, and intermediate between
heterozygous and homozygous FH in the other 2 cases.”

Until there is a specific marker for familial combined
hyperlipidaemia (FCH), its co-existence with FH cannot be
studied properly. Since FCH is believed to be due to an
overproduction of VLDL, it is possible that it may account
for hypertriglyceridaemia occasionally seen in FH. More
severe hypertriglyceridaemia may also be seen with
concurrent dysbetalipoproteinaemia and FH.

ApoE plays an important role in the clearance of apoB-
containing lipoproteins larger than LDL. The apoE, isoform
is homozygous in approximately 1% of the population.
Under conditions that increase lipoprotein production and/or
decrease clearance, remnants of TG-rich lipoproteins
accumulate to produce a mixed hyperlipidaemia (dysbetal-
ipoproteinaemia). The phenotype in FH subjects also
homozygous for apoE, could be similarly affected to normal
subjects. An initial amelioration in childhood could reverse
after changes in metabolism with age and disease to produce
significant hypertriglyceridaemia and cutaneous xanthomata.
The presence of significant concentrations of LDL in
subjects with dysbetalipoproteinaemia should suggest the
co-existence of FH. A study of a relatively small cohort of
co-existent dysbetalipoproteinaemia and FH revealed no
aggravation of the atherosclerosis complications.” Cutaneous
xanthomata, rare in heterozygous FH may be prominent in
coexisting dysbetalipoproteinaemia and FH.”

FH subjects with LPL deficiency have no LDL."™ The
co-inheritance of hypobetalipoproteinaemia and a heterozygous
FH condition would render the LDL cholesterol low.
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Clinical Application of Biochemical Insights

The initial clinical observations led to biochemical
investigations that provided insight into the causes and
pathophysiology of FH. The advances in biochemistry and
genetics now allow better research into and understanding of
observations of clinical phenotypes and therapeutic
manipulation and its variability.

Diagnostic Work-up of FH

A thorough clinical assessment and the results from routine
chemical assays deriving LDL-cholesterol concentration by
the Friedewald calculation [LDL-cholesterol = total
cholesterol — HDL-cholesterol — (TG/2.2) in mmol/L]
or directly, can identify the heterozygous phenotype, and
could even discriminate the rare sterol defects within the
homozygous phenotype.

The clinical diagnosis of the heterozygous FH phenotype is
adequate for risk stratification and appropriate
pharmaceutical management by general practitioners and
specialists. Precision in the diagnosis of FH could be of value
for discriminating between polygenic or secondary
dyslipidaemias and FH in family studies. Genetic counselling
is similar as all three disorders are inherited in an autosomal
dominant fashion, but for affected couples accurate diagnosis
may be of value in counselling about disease in offspring.
When both parents are heterozygous for LDL receptor
defects, there is a 25% chance of producing a homozygote.
However, in counselling the inheritance of dyslipidaemia in
couples who have different genes for the heterozygous
phenotype, it is known that co-inheritance of LDL receptor
mutation and FDB results in an intermediate phenotype. The
co-inheritance of LDL receptor defects and NARCI1 has not
yet been reported, but is likely similar to FDB and LDL
receptor co-inheritance.

Although investigations with radio-iodinated LDL can
demonstrate deficient clearance of normal LDL in FH
subjects with LDL receptor defects, and abnormal clearance
of binding defective LDL in normal subjects, these
procedures are labour intensive, expensive and not used in
practice. Analysis of peripheral blood mononuclear cells'”' or
cultured cells after up-regulation of LDL receptors with
lipoprotein deficient media by means of radio-iodinated or
fluorescent LDL or by fluorescently-tagged antibodies in
flow cytometry may discriminate normal from heterozygous
FH subjects, but remains experimental.

The genetic diagnosis by polymerase chain reaction for LDL
and apoB defects is now available in many laboratories. Only

a few mutations are known in apoB, but there are more than
750 LDL receptor mutations. In populations with founder
effects, genetic diagnosis is easier. In other populations,
where research centres can sequence the genes in affected
families, molecular diagnosis can be made in family
members. In the future, micro-array chips may provide
simultaneous evaluation for many mutations.

Patients with a homozygous FH phenotype should be referred
to specialised centres for diagnostic work-up and
management. Cell culture is more reliable to identify LDL
receptor defects. In fibroblast cultures, LDL receptor
mutations will result in low binding, whereas adaptor protein
mutations will not. It is worth considering measurement of
plasma phytosterols for phytosterolaemia and cholestanol
for CTX and investigating the genes influencing the
concentration of these products.

Founder Effects in FH

The frequency of FH has been established at approximately
0.002 in the general population at large. There is a very low
mutation rate in genes that result in FH and heterozygous FH
seldom if ever results in death before reproduction, so that
the mutated genes are retained. A variety of mutations in the
LDL receptor can be demonstrated in populations that have
been isolated for long periods of time and have grown to
large numbers.

The founder effect refers to the occurrence of FH at a higher
frequency than 0.002 and/or the predominance of one or a
few mutations in a population. This phenomenon is typically
found in more recently established populations that have
migrated in small groups and expanded into a geographically
and/or culturally isolated setting. Examples are the
Afrikaners in South Africa, French Canadians, Christian
Lebanese and the Finns. Such a founder effect may undergo
genetic drift according to selection or may become diluted by
admixture.

South Africa is well known for its high prevalence of FH in
Afrikaners, due to three founder mutations.'” The prevalence
of FH was estimated at 1 in 83 in a rural community.'” Although
it is generally true that three founder mutations explain 95%
of FH,' the extent to which these three founder mutations
account for FH in the Afrikaner varies. A lower proportion of
FH is attributable to the founder mutations in the Cape, the
portal of entry into South Africa.'” The V408M mutation that
ranks second in frequency in the Afrikaner has been
described from the Netherlands and there was evidence that
it came from northern Germany.'” Ancestral linkage of these
populations was indicated by the presence of a specific
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haplotype, which included the Dutch immigrants to Canada.
A recurrent mutation of V408M has been reported in a
different population group in South Africa and Cuba.'”'®
The prevalence of FH is estimated to be high in the South
African Jews, with the common mutation being the deletion
of codon 197 that is believed to be from Lithuania and also
accounts for about a third of FH in St Petersburg and appears
limited to Jews in this region.'” The occurrence of the same
haplotype on samples from Jews with FH in many countries
also indicated an ancestral link."’ In South Africa, FH in the
Jewish community is also accounted for by local mutations.""

In French Canadians, 11 mutations in the LDL receptor
describe approximately 90% of subjects with FH,"* and
regional variation in the prevalence of different mutations is
striking.'”> A recently identified founder effect has been
described from Tunisia which, at 1 in 165, is less common
than in French Canada."* In most countries, a wider range of
mutations has been reported in the LDL receptor. In the
Danish population about 5 of the 29 documented mutations
occurred in 50% of the population."®* Germany also lacks a
founder effect: 37 mutations have been described in 56
individuals with FH."® At least 29 mutations have been
identified in the Chinese, with no apparent founder effect."”

Therapeutic Strategies in FH

Modern pharmacotherapy can achieve desirable
concentrations of LDL in heterozygotes, but treatment for
homozygotes remains problematic. Heterozygous FH
responds like normal subjects to lipid-modifying treatment,
as there is a functional LDL receptor that will clear LDL from
plasma. Dietary cholesterol and saturated fat restriction will
have a modest LDL-lowering effect owing to an
up-regulation of LDL receptors when the liver receives less
cholesterol through CM remnants. The reduction achieved in
plasma LDL-cholesterol is approximately 10%, but is
variable. A low-fat and low-cholesterol diet may not only
up-regulate LDL receptor activity, but may also decrease the
endogenous synthesis of cholesterol as suggested by
decreased lathosterol concentration in a study of high- and
low- fat diets together with statin treatment.'®

Bile acid sequestrants that waste more bile acids for the patient
result in a reduction of the cholesterol pool in cells, and there
1s a consequent increase in de novo cholesterol synthesis, as
well as in LDL receptor synthesis. LDL-cholesterol
concentration decreases by 25% at maximal doses. Cholesterol
absorption is reduced by phytosterols and phytostanols. LDL
concentrations decrease by about 6 to 10%.

The most powerful cholesterol-lowering agents for FH are
the statins. By inhibiting de novo cholesterol synthesis at
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HMG-CoA reductase, compensatory upregulation of LDL
receptors lowers plasma LDL concentration. FH subjects
who achieved steady states of sterol and lipoprotein
metabolism with higher de novo cholesterol synthetic rates
have higher fasting early morning plasma mevalonic acid
concentration and respond better to statins than those with
lower plasma mevalonic acid concentration.'”

There is no clarity about residual activity of LDL receptors
and response to treatment in heterozygous FH. A greater
percentage decrease of LDL-cholesterol was reported in
receptor-negative subjects.”*" One study that examined
LDL responses in heterozygous FH subjects treated with
pravastatin, found some correlation (r = 0.68) between
maximal fibroblast LDL receptor activity and LDL reduction
that ranged from 30 to 70%.'** A comparison of responses of
cohorts with different mutations revealed that the LDL
receptor mutation explained 41% of the response in LDL-
cholesterol to fluvastatin.'® Two mutations with detectable
differences in their phenotype responded similarly to
statins."”* FDB responds well to statins'* as the LDL receptor
up-regulation increases the clearance of both remnants and
LDL. It is also likely that statins reduce the production of
lipoproteins.

If up-regulation of LDL receptors were the only mechanism
by which statins lowered LDL, subjects with homozygous
FH due to complete absence of LDL receptor activity will not
respond. A decreased production rate of LDL was described
in a small cohort of homozygous FH subjects on statins
whose rebounds in plasma LDL were analysed."”® Clearance
constants for LDL did not change significantly. One subject
had receptor-negative status. These findings indicated that
lipoprotein production must be limited, but it is not clear how
this happens. De novo synthesised cholesterol or a regulatory
response to cholesterol depletion may play an important role
in lipoprotein assembly and secretion. It appeared unlikely
that delivery of lipoproteins to the liver plays a strong
modulatory role in production and clearance rates for apoB-
containing lipoproteins in the plasma as regular apheresis
resulted in no change of these parameters.'”’

Ezetimibe, a recently developed drug that limits cholesterol
absorption, lowers LDL cholesterol by about 15%.
Interestingly, the impact is similar in heterozygous and
homozygous FH."”™ The mechanism of its action is
presumably by limiting lipoprotein production through a
poorly understood disruption of cholesterol supply to the
liver by lipoprotein remnants.

The inhibition of MTP disrupts lipoprotein assembly and is
highly successful at controlling hypercholesterolaemia in the
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Watanabe rabbit, an animal model of homozygous FH."”
However, the accumulation of fat in the liver as a result of
decreased export may be detrimental.

Plasmapheresis is a well-established procedure that, together
with statin and ezetimibe therapy is the treatment of choice
for homozygous FH. The original procedure of plasma
exchange in which albumin in sterile physiologic saline is
used, has been replaced by more specific adsorption of
lipoproteins onto dextran sulphate or anti-apoB
immunoglobulin columns, extracorporeal precipitation with
heparin, or double filtration. Liver transplantation, by
correcting the function of the most important organ in
cholesterol homeostasis, is probably reserved for subjects
requiring heart transplant. Gene therapy will hopefully
permit effective treatment of this severe disorder in the
future.

Conclusions

FH is a serious and common disorder that results in
premature atherosclerosis, but recently, with the advent of
statin treatment, has become amenable to treatment. This
review has assigned a broad definition to FH and has
categorised the disorder as it may present to medical
practitioners as a heterozygous, homozygous and
intermediate phenotype. Molecular and metabolic differences
in disorders producing the phenotypes have been outlined.
The LDL receptor has been characterised in detail and the
abundance of mutations in this receptor has given insight into
the cell biology of receptor maturation, localisation,
endocytosis and recycling. Genetic tests offer specific
aetiologic diagnosis, but are currently not practicable in
countries which do not have founder effects. FDB is
amenable to genetic diagnosis by screening for a few
mutations. The prevalence and metabolic implications of the
more recently discovered disorders still need more study.
Other monogenic disorders causing hypercholesterolaemia
may still be uncovered in the future.

The complexity of lipoprotein metabolism has been
described to provide insight into the multiple genes that may
affect the clinical and biochemical manifestations of the
disease. These genes may account for variability in the
biochemical phenotype, atherosclerosis and factors that
influence drug response but probably act in concert, rather
than singly, to modify the high risk of atherosclerosis in FH.
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