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Why are primary hyperlipidemias so important, and why 
do they warrant the writing of this atlas? The main reason 
for being concerned about these conditions is that they are 
harbingers of dire consequences for the cardiovascular sys-
tem. Lipoproteins such as low-density lipoproteins (LDL), 
oxidized LDL and remnant lipoproteins ( -very-low- 
density lipoproteins [ -VLDL], and intermediate- 
density lipoproteins [IDL]) are potently atherogenic. Dysli-
poproteinemia remains asymptomatic for a long time, and 
when its presence is recognized, it is too late as the damage 
has been done. By the time the early clinical manifestations 
appear, arterial narrowing is already of the order of 50% or 
more. However, its presence needs to be recognized to pro-
ceed with diagnosis, treatment and prevention of the life-
threatening and catastrophic consequences, such as angina 
pectoris, myocardial infarction, transient ischemic attack, 
stroke, intermittent claudication, gangrene of a limb and 
renovascular hypertension. Cardiovascular disease remains 
the primary cause of morbidity and mortality in developed 
countries. Thus it follows that physicians must actively look 
for clues to allow detection. This is a major objective of this 
atlas. 

Furthermore, normal levels of LDL may be associated 
with an increased susceptibility to atherosclerosis. High pro-
portions of oxidized, glycated or small, dense LDL, very low 
levels of HDL, an abundance of circulating lipoprotein(a), or 
dysfunctional high-density lipoproteins (HDL) for instance 
may be atherogenic. The diagnosis of such disturbances is 
often difficult and requires at least minimal knowledge of 
lipoprotein metabolism and of the pathophysiology of condi-
tions leading to such abnormalities. The discussions on dysli-
poproteinemias in this text are accompanied by explanatory 
diagrams of the metabolic abnormalities where possible. 

Genetic abnormalities leading to hyper- or dyslipopro-
teinemias are considered systematically. Confusion may 
arise when the same phenotype is shared by different genetic 
defects. These are conditions in which the family history is 
an essential clue, but acquired causes of dyslipoproteinemia 
must also be ruled out in any patient presenting with abnor-
mal lipid or lipoprotein levels. This is important because the 
treatment is directed at the cause and not at the dyslipopro-

teinemia itself, as is the case for many hereditary lipid dis-
orders in which there is no treatment available for the causal 
defect. An accurate diagnosis should always be the first step 
in establishing a rational treatment strategy. 

For the patient, manifestations of lipid transport dis-
orders may be a source of concern unrelated to cardiovas-
cular disease as awareness of the link is limited among the 
general public. Patients may consult a dermatologist for aes-
thetic reasons (unsightly xanthelasma, eruptive xanthomas), 
a rheumatologist (painful Achilles’ tendon xanthomas), 
an ophthalmologist (arcus corneae, corneal opacities) or 
even an orthopaedic surgeon (prepatellar, plantar, Achilles’  
xanthomas) without thinking that these may be clinical 
signs of dyslipidemia. In these situations the tell-tale signs 
are apparent, but there again, several conditions may be 
associated with the same or similar clinical/biochemical 
manifestation and knowledge of these sources of confusion 
is mandatory. Typical examples are syringomas being mis-
taken for xanthelasmas, lesions of primary biliary cirrhosis 
being confused with those of dysbetalipoproteinemia (type 
III), tendon xanthomas of homozygous familial hypercholes-
terolemia and those of cerebro-tendinous xanthomatosis, or 
hypercholesterolemia of unrecognized hypothyroidism being 
treated with a statin, etc. This atlas reviews such pitfalls and 
differential diagnosis is considered throughout. 

In writing this atlas the authors have aimed to provide 
an up-to-date, informative and practical book with helpful 
images to guide physicians through the complexity of lipid 
transport disorders. The volume is aimed at non-special-
ists in the field, and also provides enough key information, 
details and diagnostic finesse for the fledgling lipidologist, 
whether or not he or she is preparing for specialty examin-
ations. The book not only covers common diseases referred 
to a lipid clinic, such as familial hypercholesterolemia, 
familial combined hyperlipidemia and familial dysbetalipo-
proteinemia, but also describes disease entities that are infre-
quently seen, such as inherited hypercholesterolemia due to 
a PCSK9 gene defect, cholesterol 7 -hydroxylase deficiency, 
autosomal recessive hypercholesterolemia, sea-blue histiocy-
tosis syndrome, familial phytosterolemia, Wolman’s disease, 
hepatic lipase deficiency, cholesteryl ester transfer protein 

Preface
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deficiency, multiple symmetric lipomatosis, and Alagille’s 
syndrome. The astute physician should be able to unravel 
difficult cases, find the tell-tale diagnostic clue, understand 
the pathophysiology of disease and save on time required 
to scan the literature. This atlas has several features to help 
with the above, including addresses of useful websites, fur-
ther reading, explanation of discrepancies in nomenclature 
in the literature, metabolic diagrams, key laboratory tech-
niques, information on gene and/or protein structure and 
on the important mutations causing hyperlipidemias. The 
authors were inspired to undertake this atlas by the great 
books written in the past that have achieved similar goals 
with success, such as French’s Index of Differential Diagnosis, 
the Ciba Collection of Medical Illustrations by Frank Netter 
and Braverman’s Skin Signs of Systemic Diseases. They hope 
the reader will find that this first edition responds well to 
an unmet need and will help them in facing the current  
explosion of information that physicians need to be aware 

of in their daily practice. The atlas does not focus on treat-
ment but on patient evaluation, mechanism of disease and 
diagnosis.

Authors’ note on the lipoprotein 
metabolism illustrations

The diagrams representing lipoprotein metabolism through-
out this atlas were inspired by similar drawings by Scott M 
Grundy, University of Texas in Dallas, and H Bryan Brewer 
Jr, National Heart Lung and Blood Institute at the National 
Institutes of Health, with their permission. It is obvious that 
apolipoproteins look more like ribbons on a sphere than lit-
tle circles, but we believe the complex message is more easily 
understood using simplified schematic diagrams. A recur-
rent basic diagram is modified throughout the atlas to adapt 
to the topic under discussion.
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Chapter 1

Hereditary 
Hypercholesterolemias

Introduction

The ‘familial hypercholesterolemia phenotype’ has clinical 
and laboratory features usually ascribed to the heterozygous 
form of familial hypercholesterolemia (FH) (Table 1.1) sec-
ondary to a mutation of the low-density lipoprotein (LDL) 
receptor gene (LDLR). Over time, this phenotype has been 
observed, albeit more rarely and often incompletely, in con-
ditions with different etiologies, some inherited in a dom-
inant fashion (i.e. homozygotes do not have a more severe 
phenotype than the heterozygote) and others as a recessive 
trait. They essentially mimic heterozygous FH, which is a co-
dominantly inherited disease (i.e. homozygotes have a more 
severe phenotype than heterozygotes). These disorders are 
monogenic and include familial defective apolipoprotein B-
100 (FDB) (APOB gene), autosomal dominant hypercholes-
terolemia (PCSK9), cholesterol 7 -hydroxylase deficiency 
(CYP7A1), familial sitosterolemia (ABCG5 or ABCG8) and 
autosomal recessive hypercholesterolemia (ARH) (ARH). 
From this degree of heterogeneity, it is anticipated that other 
gene defects will also account for this phenotype. Autosomal 
dominant hypercholesterolemia (ADH) has been referred 
to as comprising ‘FH1’, the classical FH, ‘FH2’ (FDB) 
and ‘FH3’, attributed to a PCSK9 defect. As discussed 
below, there are variations of the typical FH phenotype that 
might not fully justify this classification, such as dominance 
versus co-dominance, variable expression and less severe 
manifestations.

Dominant monogenic forms

Familial hypercholesterolemia
The classical nosological entity called familial hyperchol-
esterolemia had been part of the medical literature for a 

long time before its mechanism was fully unraveled by  
the seminal work of the 1985 Nobel laureates, Joseph L 
Goldstein and Michael S Brown. For a monogenic dis-
order, it is relatively common, its frequency varying from  
1 in 500 in most parts of the world to as much as 1 in 80 
in regions where a founder effect exists due to factors such 
as endogamy, consanguinity, geographic isolation and lim-
ited genetic admixture. Such regions include, among oth-
ers, Lebanon, Finland, South Africa (Afrikaners), Canada 
(French-Canadians) (1.1) and Israel (FH-Sephardic and 
FH-Lithuania). Its importance stems also from the devastat-
ing severe and premature cardiovascular consequences for 

1

Table 1.1 Characteristics of familial 
hypercholesterolemia (FH)*

Severe hypercholesterolemia
Low-density lipoprotein (LDL)-cholesterol >95th 
percentile
Family history of premature coronary artery 
disease, other atherosclerotic vascular disease and 
typical manifestations of FH
Tendon xanthomas and other forms of lipid deposits 
(such as arcus corneae, xanthelasma, tuberous 
and plantar xanthomas)
Premature manifestations of atherosclerosis
Autosomal co-dominant inheritance with high 
penetrance
An LDL receptor defect with delayed LDL clearance

1.
2.

3.

4.

5.
6.

7.

*These characterize the ‘FH phenotype’ and it is helpful 
if the family history also reveals the presence of tendon 
xanthomas or the presence of a homozygote.



2 Hereditary hypercholesterolemias

the affected members (50%) of a family, stressing the need 
for early diagnosis. As there is treatment that will prevent 
or markedly delay the complications of this condition, early 
intervention may result in a normal life. In other words, it is 
a treatable killer and worldwide efforts have therefore been 
made to identify individuals and families at risk. MEDPED, 
‘make an early diagnosis, prevent an early death’ is one 
such initiative (www.cholesterol.med.utah.edu/medped/). 
In certain communities, it may be a major health problem, 
disabling or killing many young adults.

The etiology of FH is well established. The metabolic 
defect (1.2), which leads to a large increase in plasma 
levels of LDL-cholesterol (LDL-C) (two to three times 
that of normal subjects), is attributed to mutations of the 
LDL receptor gene that result in a decreased number or 
total absence of LDL receptors or, alternatively, in expres-
sion of dysfunctional receptors. This ubiquitous receptor 
allows uptake and degradation in the liver of LDL, the 
major lipoprotein carrier of circulating cholesterol (mostly 
cholesteryl esters), allowing excretion of the latter into the 
bile (as free cholesterol). It is essential for bringing cho-
lesterol, a major constituent of membranes, to cells. The 

defect causes a considerable delay of LDL clearance from 
plasma. Normal subjects catabolize about 45% of their 
LDL pool per day, whereas the fractional catabolic rate 
is 25–30% for heterozygotes and 15% for homozygotes. 
There is also a delayed clearance of intermediate-density 
lipoproteins (IDL), which represent ‘remnant’ lipoproteins 
and an increased conversion of IDL into LDL. Recent 
studies by Tremblay and co-workers have shown that 
there is also a 50% increased production rate of very-
low-density lipoprotein (VLDL) apolipoprotein B (apoB) 
– 100 in heterozygotes and 109% in homozygotes. This 
finding sheds light on an old debate. The LDL particles 
are large and buoyant in this condition because there is 
excess cholesterol associated with apoB, the main apo-
lipoprotein associated with these cholesterol-rich particles. 
There are over 800 mutations of the LDL receptor gene 
(LDLR), which is located on the short arm of chromosome 
19 (19p13.1–13.3) (1.2). They have been indexed continu-
ally in the UK since October 1996 on a dedicated website  
(www.ucl.ac.uk/fh/) and in France since April 1998  
(www.umd.necker.fr/). A classification of the various defects 
of the LDLR gene has also been established (Hobbs et al. 

1.1 French-Canadian mutations of the LDL receptor gene. This figure provides information on the type of mutations (those most 
frequent in the Province of Quebec), the structure of the gene, what the exons (green vertical bars) code for, the structure of the protein 
(domains and number of amino acids), and what abnormalities might be expected when one such domain is affected by the mutation. The 
dots on the protein sequence represent cysteines. The mutations represented are reported in the following papers: Hobbs HH et al. (1987). 
N Engl J Med, 217: 734; Leitersdorf E et al.  (1990). J Clin Invest, 85: 1014; Ma Y et al. (1989). Clin Genet, 36: 219; Simard J et al. (1994). 
Hum Mol Genet, 3: 1689; Assouline L et al. (1995). Pediatrics, 96: 239; Couture P et al. (1998). Hum Mutat, 1: S226.
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 Hereditary hypercholesterolemias 3

1990). The abnormality may involve synthesis in the endo-
plasmic reticulum, transport of newly synthesized recep-
tors to the Golgi complex, transport to the cell surface, 
clustering in the surface-coated pits or binding affinity for 
LDL, depending on the portion of the receptor gene that is 
affected (1.1). For practical purposes, it is useful to know 
if the receptor activity is impaired (receptor defective) or not 
functional at all (receptor negative). Severity and resistance to 
treatment are greater in the latter. This is especially impor-
tant for homozygotes and can be determined by identifying 
the mutation or testing LDL receptor activity in cultured 
skin fibroblasts or blood mononuclear cells.

The diagnosis of heterozygous FH (Table 1.1) is based 
essentially on:

the family history (premature atherosclerosis and early 
deaths especially in males, tendon xanthomas, presence 
of a homozygote)
premature atherosclerosis (a myocardial infarction may 
occur as early as in the third or fourth decade)
the clinical manifestations of hypercholesterolemia 
(especially tendon xanthomas – Achilles or extensor 
tendons of the fingers – but also periosteal, prepatellar, 
plantar, tricipital and tuberous xanthomas as well as  

•

•

•
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1.2 Metabolic defects in familial hypercholesterolemia (FH). Abnormalities of the low-density lipoprotein (LDL) receptor (LDLR, 
small red arrowheads marked with a cross) prevent the normal clearance of cholesteryl esters (orange in the circles) transported by 
LDL, which increase in plasma. Characteristically, these LDL particles transport as the main protein apolipoprotein B-100 (apoB-100) 
on their surface (red circles) that interact with the LDL receptor for uptake by the liver allowing eventual excretion of cholesterol into 
the bile. ApoB-100 is carried by very-low-density lipoproteins (VLDL) secreted by the liver, and their degradation products, including 
intermediate-density lipoproteins (IDL). This degradation takes place gradually by delipidation and loss of surface proteins such as 
apoCIII and apoE. Lipoprotein lipase (LPL) allows transformation of VLDL into LDL and hepatic lipase (HL), that of IDL into LDL.

In FH, IDL are still taken up by the remnant receptor, LDL receptor-related protein (LRP), but this pathway is limited (red bar) by 
the LDLR defect. On the other hand, more IDL are transformed into LDL (large black arrow). Some LDL particles, because of the 
prolonged residence time, may become oxidized (OxLDL), taken up by macrophages via various scavenger receptors (SR-A) and 
contribute to the formation of foam cells present in xanthomas and atheroma. ApoB-48, a smaller apoB formed by splicing of the APOB 
gene mRNA present on chylomicrons is not taken up by the LDL receptors but by another dedicated receptor. Breakdown delipidated 
products of chylomicrons become remnants (R) as they gain apoE which can interact with LRP for uptake by the liver. There is 
evidence from stable isotope studies that the high LDL levels in FH may also be due to some increase in VLDL apoB production rate 
relative to normal subjects. When one refers to apoB without the -100 or the -48, it is usually taken to be apoB-100 or, alternatively, 
all forms of apoB. SR-B1 refers to the scavenger receptor class B type 1 (also called Cla-1). It is a receptor that allows transfer of 
cholesteryl esters (CE) from high-density lipoproteins (HDL) to different tissues as well as transfer of cholesterol from tissues to HDL. 
Lecithin:cholesterol acyl transferase (LCAT) is an enzyme that esterifies free cholesterol to CE during HDL remodelling from discoid to 
spherical and mature HDL.
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corneal arcus) (1.3–1.7) and atherosclerosis (arterial 
bruits, angina, intermittent claudication, Leriche syn-
drome, transient ischemic attacks, etc.)
high levels of plasma LDL-C (>95th percentile) (1.8)
identification of an LDL receptor defect.

•
•

Detection of affected individuals is more difficult in child-
hood. The family history, combined with a blood sample  
for LDL-C is most useful in children. In women, manifest-
ations are delayed by about 10–15 years compared with men 
(1.9). Evolution of tendon xanthomas may be assessed and 
followed using standardized X-ray techniques (1.10), ultra-
sonography or magnetic resonance imaging. The xanthoma 
size correlates with the duration and severity of the disease 

1.3 Corneal ring in a patient with heterozygous familial 
hypercholesterolemia. A corneal arcus usually starts as a 
small, barely visible whitish crescent in the upper and/or lower 
part of the cornea. Careful attention needs to be paid, using 
good lighting, in order to notice them. They may grow to the 
point, as seen here, where they form a quite obvious corneal 
ring. Note the clear space between the ring and the periphery of 
the cornea. Corneal arcus and rings may be seen in individuals 
of African origin in the absence of hyperlipidemia.

1.4 Extensor tendon xanthomas in familial 
hypercholesterolemia (FH). The presence of these xanthomas 
often allows a diagnosis of FH at first sight. They tend to regress 
readily with major reductions in LDL-C, e.g. with statin therapy. 
Even when discrete, they are rarely missed. Palpating the 
extensor tendons when FH is suspected may reveal incipient 
lesions.

1.5 Lateral view of Achilles tendon xanthomas in familial 
hypercholesterolemia. This lateral view of tendon xanthomas 
shows the growth of these lesions anteroposteriorly as well as 
laterally. These xanthomas are often missed if smaller in size 
and the physician does not palpate carefully. Pinching this area 
while sliding the fingers downward will reveal olive-shaped 
lesions or diffuse thickening of the tendon.

1.6 Periosteal xanthomas of the anterior tuberosity of the 
tibia. These lesions are not always noticed by the patients 
themselves as they progress very slowly, occasionally to huge 
proportions. They may become inflamed and painful or tuberous 
xanthomas may develop in the same area. Xanthomas often 
develop at sites of repeated trauma.
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(1.11). Achilles tendon xanthomas are prone to sporadic 
inflammation, causing painful acute tendinitis (1.12).

Because LDL-C level is the best biochemical marker of  
FH, the most threatening and most directly linked to the 
causal defect, it remains the centre of attention. FH was 
classified in the Fredrickson era among subjects presenting 
a ‘type IIa’ lipoprotein phenotype (isolated hypercholesterol-
emia), and ‘type IIa’ became wrongly synonymous with FH. 
Indeed, the hypercholesterolemia may occasionally be asso-
ciated with hypertriglyceridemia (becoming Fredrickson’s 
‘type IIb’). This associated hypertriglyceridemia may be  
due to a second gene defect, another medical condition 
or environmental factors, or may be part of the defect in a 

particular family (triglyceride-rich remnant lipoproteins are 
cleared to some extent by the LDL receptor). The diagnosis 
may be established in most cases without resorting to deter-
mination of the genetic defect(s) using molecular biology 
techniques. This task, when required, is easier in communit-
ies where a founder effect exists, because only a few muta-
tions may explain a majority of cases (1.1). When a doubt 
exists, some specialized lipid clinics may be able to help with 
identification of the gene defect.

The differential diagnosis must include other causes of 
xanthoma tendinosum since they constitute quite a reli-
able diagnostic criterion; these include lesions that can 
be mistaken for xanthoma tendinosum (Table 1.2). Few 
hereditary dyslipidemias apart from heterozygous FH and 
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1.7 Plantar xanthoma in a woman with heterozygous familial 
hypercholesterolemia. Plantar xanthomas, like Achilles tendon 
xanthomas, become fibrotic and hard with time and regress 
poorly. They can become very debilitating and impair shoe fitting 
and walking.

1.8 Bimodal frequency distribution of LDL-C in a large  
kindred with hypercholesterolemia. This diagram 
demonstrates the bimodal frequency distribution of low-density 
lipoprotein (LDL)-cholesterol in a single pedigree segregating 
for familial hypercholesterolemia (FH) (120 members). The red 
bars represent the patients in whom a clinical diagnosis of FH 
was made. The blue bars represent the non-affected members. 
Note the wide range of LDL-C in the affected subjects and the 
overlap with the normal population. The mutation of the LDLR 
segregating in this family was the French-Canadian-1 mutation 
(deletion >15 kb in the promoter region encompassing exon 1 
and preventing expression of the LDL receptor). Reproduced 
with permission from Davignon J et al. (1991). In: Steiner G, 
Shafrir E (eds). Primary Hyperlipidemia. McGraw Hill, New York, 
p. 201.
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1.9 Myocardial infarction incidence by age group 
in men and women with heterozygous familial 
hypercholesterolemia (n = 692). This figure illustrates how 
myocardial infarction may occur early in life, even in the 
relatively protected Japanese population. It also shows the 
delay of 10–15 years (relative to men) before women develop 
myocardial infarctions. Reproduced with permission from 
Mabuchi H et al. (1989). Development of coronary heart disease 
in familial hypercholesterolemia. Circulation, 79: 225–232.
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1.10 Normal and xanthomatous Achilles tendons and their 
radiological assessment. Panels A and C: Achilles tendons 
of a normal woman. Panels B and D: Nodular thickening of left 
Achilles tendon in a woman of the same age, heterozygotic 
for familial hypercholesterolemia. A soft tissue standardized 
radiological technique was used. The thickening of the Achilles 
tendon in the anteroposterior dimension is obvious with this 
radiological technique.
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1.11 Tendon xanthoma thickness in FH patients without or 
with coronary artery disease. This figure shows that the size 
of Achilles tendon xanthomas is larger in subjects with coronary 
artery disease (CAD). The severity of the clinical manifestations 
is a function of the magnitude of the hypercholesterolemia, 
its duration and the presence of other cardiovascular risk 
factors. Redrawn from Mabuchi H et al. (1978). Achilles 
tendon thickness and ischemic heart disease in familial 
hypercholesterolemia. Metabolism, 27: 1672–1678.

1.12 Tendinitis of xanthomatous right Achilles tendon in a 
heterozygous familial hypercholesterolemia (FH) patient. 
Both tendons are xanthomatous, but the right one is enlarged, 
inflamed and painful. This is not infrequent in patients with FH. 
In the authors’ experience, it may occur in young men or women 
particularly responsive to treatment, after a large and rapid 
decrease in plasma low-density lipoprotein-cholesterol.
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autosomal dominant hypercholesterolemia (FH3) have such 
high levels of cholesterol except the other monogenic forms 
discussed below and familial dysbetalipoproteinemia (type 
III), but in this condition, LDL-C measured directly is not 
elevated. Severe familial combined hyperlipidemia with iso-
lated hypercholesterolemia (lipoprotein phenotype IIa) may 
rarely have LDL-C levels similar to those found in the lower 
distribution of FH, but tendon xanthomas have not been 
reported. Atherosclerotic vascular disease in the family tends 
to occur later in life than in FH and the variation in lipopro-
tein phenotype in first-degree relatives is typical. Among the 
secondary forms of hypercholesterolemia the most likely to 
be confused with FH are primary biliary cirrhosis, nephrotic 
syndrome and hypothyroidism, all potentially associated 
with very high levels of LDL-C.

Treatment almost always necessitates the addition of a 
statin (an HMG-CoA reductase inhibitor) to a cholesterol-
lowering diet. Often, large doses of statin are needed and 
combination therapy with a resin (a bile acid absorption 
inhibitor) or with ezetimibe (a cholesterol absorption inhibi-
tor) may be necessary. Various forms of LDL apheresis have 
been used in some very severe heterozygous FH refractory 
to drug therapy.

The homozygous (inheritance of two identical defective 
genes) or double heterozygous (two different gene defects 

at the same locus) forms are extremely rare (approximately 
1 in 300 000 to 1 in 1 000 000). The clinical picture is so 
dramatic that the diagnosis is rarely missed (1.13–1.17). 
Xanthomas are diverse (tuberous, planar, tendinous, xanthe-
lasma), extensive, ubiquitous (friction sites, elbows, knees, 
popliteal space, palms, plantar aponeurosis, gluteal crease) 
and may be present at birth. LDL-C levels may be four to 
six times the upper limit of normal and the type of muta-
tion may also influence the plasma levels (1.18). Coronary 
death can occur as early as two years of age and the affected 
patients, whether male of female, rarely live beyond the third 
decade. One typical complication, in addition to myocardial  
ischemia and infarction, is aortic stenosis (1.19), which 
is sometimes seen in heterozygotes with severe disease. 
Differential diagnosis must include ARH and a condition 
reported in the past as pseudo-homozygous hypercholes-
terolemia (1.20). However, some of these cases may have 
had an ARH defect, especially when they responded well to 
dietary or statin treatment. Statins have a modest effect that is 
enhanced by combination with ezetimibe and LDL apheresis. 
Probucol, a major antioxidant, now withdrawn from the mar-
ket but still available in Japan, has been reported to reduce the 
size of tendon xanthomas in homozygous FH. ‘Last resort’ 
treatments have been used, including porto-caval shunts, 
gene therapy and liver transplantation, with all but the latter  
having little success.

Table 1.2 Differential diagnosis of tendon 
xanthomas

Familial hypercholesterolemia (FH1)
Familial defective apoB-100 (FH2)
Autosomal dominant FH3
Autosomal recessive hypercholesterolemia (ARH)
Dysbetalipoproteinemia type III
Cerebrotendinous xanthomatosis (CTX)
Familial phytosterolemia
Alagille’s syndrome
Primary biliary cirrhosis
Xanthomas associated with antiretroviral therapy
ApoAI–ApoCIII deficiency
ApoAI deficiency with analphalipoproteinemia*
Gouty tophi
Rheumatoid nodules
Post-traumatic tendon lesions (asymmetrical)

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

*Reported by Ng et al. (1994). J Clin Invest, 93: 223.

1.13 Corneal arcus in a 5-year-old with homozygous 
familial hypercholesterolemia (FH). Upper and lower corneal 
crescents in 5-year-old with homozygous FH. The lower arcus is 
unusual in not being separated from the sclera by a clear space 
as observed in the upper one and with the full corneal ring 
illustrated in 1.3.
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It is worth remembering that in FH, and especially in the 
homozygous form, the first concern of the doctor should be 
the accelerated atherosclerosis that accompanies this condi-
tion. The autopsy specimen presented in 1.21 showing severe 
aorto-femoral atheroma and aneurysmal weakening of the 
wall reminds us of the consequences of failing to intervene 
early and aggressively in these cases. A sense of urgency 
should always be uppermost in the mind of the doctor.

Familial defective apolipoprotein B-100
FDB was identified and its etiology determined in 1985–
1986 by Grundy and colleagues at the University of Texas in 
Dallas and Mahley and co-workers at the Gladstone Research 

Foundation Laboratories in San Francisco. It is an auto-
somal dominant monogenic disorder due to point mutations 
in the APOB gene (1.22). This very large gene (43 kb, 29 
exons) was mapped to the distal short arm of chromosome 
2 (2p23–p24) in 1985–1986 by investigators from several 
laboratories (including Knotts, Chan, Law, Deeb and their 
co-workers). These mutations impair the affinity of apoB, the 
ligand, to its receptor, the LDL receptor (1.23), hence the 
synonym of ‘familial ligand-defective apoB-100’ (FLDB). 
Five mutations in exon 26 of APOB may cause this condi-
tion, Arg3500 Gln (the first common mutation identified),  
Arg3500 Trp, Arg3531 Cys, and Arg3480 Trp (Sweden) and 
Thr3492 Ile (Poland). A sixth recently reported mutation 
His3543 Tyr is four times more frequent than the R3500Q 
variant (for amino acid nomenclature see www.chem.qmul.
ac.uk/iupac/AminoAcid/AA1n2.html#AA1). It appears to 
be associated with a variable but moderate degree of LDL-C 
elevation and a reduced apoB-100 fractional catabolic rate. 
An Asn5316 Lys mutation of APOB has little impact on the 
lipoprotein profile but changes apoB conformation. FDB is 
inherited as an autosomal dominant trait with incomplete 
penetrance or variable phenotypic expression.

The prevalence of FDB varies widely from country to 
country. In Caucasians from the USA and Europe, it averages 
1 in 500 to 1 in 700. It is high in Switzerland (1 in 209 to 1 in 
230) and Poland (1 in 250) and rare in Mediterranean coun-
tries. It has not been found at all in the Turkish or Finnish 
populations, or among hypercholesterolemic Japanese or 
Israelis. From prevalence and haplotype studies, Miserez 
and Muller at the Basel University Clinics speculated that 
the common mutation originated from Celtic ancestors in 
a region between Lake Geneva, the Jura mountains and the 
Rhine (in the northwestern part of Switzerland the preva-
lence of this mutation is 1 in 114), perhaps as early as the 
Mesolithic period (6000–10 000 years ago) (1.24). This 
hypothesis is consistent with a previous study from Myant 
and colleagues who used a combined molecular and popula-
tion genetic approach to estimate the age of the mutation to 
be 6000–7000 years.

The impaired ligand–receptor interaction (20–30% of 
normal binding to fibroblasts) results in delayed clearance of 
defective LDL particles with a residence time of LDL-apoB 
3.6 times longer than that of normolipidemic controls (8.2 
vs. 2.3 days). This is associated with decreased production of 
LDL and enhanced removal of the apoE-containing VLDL, 
as demonstrated by Schaefer and co-workers in 1997 in a 
subject homozygous for the common mutation R3500Q 

1.14 Raised planar xanthomas in creases and sites of 
friction in homozygous familial hypercholesterolemia (FH). 
These raised planar xanthomas in a 5-year-old homozygous 
FH boy have the typical orange colour and develop at sites of 
friction between the buttocks and in the popliteal space.
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(1.25). The residence time of VLDL-apoB is also increased, 
but that of VLDL-apoE is reduced since apoE becomes the 
favoured ligand to clear particles via the LDL receptor and 
LDL receptor-related protein (LRP). In addition, LDL 
isolated from these subjects has increased susceptibility to 
oxidation. The molecular mechanism whereby the apoB-
100 mutations cause the phenotype was unravelled by Borén 
and co-workers in 2001. Arginine at residue 3500 is essen-
tial for normal receptor binding. The carboxyl terminus of 
apoB-100 is necessary for mutations affecting this arginine 
at residue 3500 to disrupt LDL receptor binding. Borén 

and colleagues drafted a model illustrating that Arg3500 
interacts with Trp4369 and facilitates the conformation of 
apoB-100 required for normal receptor binding of LDL; the 
carboxyl terminal of apoB-100 interacts with the backbone 
of apoB-100, which in turn wraps around the LDL particle 
(1.26).

The clinical features of FDB range from no evidence of 
disease to a typical heterozygous FH phenotype including 
a positive family history of atherosclerotic vascular dis-
ease, early manifestations of atherosclerosis (fifth decade), 
and LDL-C concentrations ranging from 2.7 mmol/l to 

Tuberous

Regressing
eruptive

Eruptive

1.15 Tubero-eruptive 
xanthomas of the knees 
in a 17-year-old patient 
with homozygous familial 
hypercholesterolemia. Planar 
and tubero-eruptive xanthomas 
may co-exist in homozygous 
familial hypercholesterolemia 
patients. In this case some of the 
planar and eruptive xanthomas 
have regressed with treatment.

1.16 Tuberous and raised planar xanthomas of the hands in 
homozygous familial hypercholesterolemia. This picture was 
taken before puberty in a boy homozygous for the Cys646 Tyr 
(C646Y) mutation in exon 14 of the low-density lipoprotein 
receptor.

1.17 Large tuberous xanthomas in a 17-year-old girl 
homozygous for a null allele of the low-density lipoprotein 
(LDL) receptor gene. The lesions were large enough in this 
girl to prevent her wearing narrow sleeves, a major source of 
annoyance for her. She had the French-Canadian-1 mutation 
(>15 kb deletion of the promoter and exon-1 of the LDL 
receptor).



10 Hereditary hypercholesterolemias

10.3 mmol/l (100 mg/dl to 400 mg/dl). The clinical picture 
therefore varies as a function of the severity of the hyper-
cholesterolemia and the presence of accompanying genetic 
and/or environmental determinants of cardiovascular risk. 
We studied a kindred in which the severity of the pheno-

type was a function of APOE polymorphism. Presence 
of the apoE 4 allele was associated with high levels of 
cholesterol and the presence of atherosclerosis and tendon 
xanthomas, whereas the 2 allele was associated with nor-
mal levels and no clinical manifestation (Davignon et al. 
1992). Other cases have been reported in association with 
lecithin:cholesterol acyl transferase (LCAT) deficiency and 
LDLR defects. There are indications that the FDB gene 
may operate as a susceptibility gene with certain mutations 
(Arg3531 Cys). Several reports have established the milder 
nature of FDB relative to FH in general. To attribute 
the FH phenotype to FDB, one must ideally eliminate  
co-existence of an LDL receptor gene defect by excluding 
common LDLR mutations in regions in which a founder 
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1.18 Plasma cholesterol in homozygous familial 
hypercholesterolemia (FH) patients with two different 
types of low-density lipoprotein (LDL) receptor mutation. 
This figure demonstrates the very high concentrations of total 
cholesterol in homozygous FH patients and that the type of 
mutation may influence these levels and their consequences. 
The large French-Canadian >15 Kb deletion involving the 
promoter and exon 1 of the LDL receptor which results in a 
null allele (i.e. no LDL receptor produced) is associated with 
higher levels of cholesterol (mean of 26.7 mmol/l, 1032 mg/dl), 
and an earlier age of onset of CAD (12.7 years) compared 
with the exon 3 mutation. The latter (Trp66 Gly, W66G) is a 
less severe French-Canadian mutation of the gene resulting 
in a ‘defective’ LDL receptor. The mean plasma cholesterol 
is lower at 16.1 mmol/l (622 mg/dl), and the age of onset of 
CAD is later (26.3 years). The difference is large enough that 
there is no overlap between the two for plasma cholesterol. 
Redrawn from Moorjani S et al. (1993). Mutations of low-density-
lipoprotein-receptor gene, variation in plasma cholesterol, and 
expression of coronary heart disease in homozygous familial 
hypercholesterolemia. Lancet, 341: 1303–1306.

1.19 Diffuse aortic stenosis in a 21-year-old women with 
homozygous familial hypercholesterolemia. The aortic 
stenosis involves a long segment of the aorta and extends down 
into the sinus of Valsalva.
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1.20 Severe tendinous and tuberous xanthomatosis of 
the Achilles tendons in pseudo-homozygous familial 
hypercholesterolemia. Only one parent of this man in his 
forties had hypercholesterolemia. He was seen many years ago 
and was lost to follow-up, so a molecular diagnosis could not be 
established.

1.21 Severe aorto-femoral atherosclerosis in familial 
hypercholesterolemia.

1.22 Apolipoprotein B (ApoB) protein and gene structure and mutations. ApoB is one of the most important proteins involved in 
lipoprotein metabolism. It is a huge amphipathic glycoprotein of 4536 amino acids (550 kD mature protein) made by the liver (apoB-
100; 100 being an arbitrary number given to full length apoB, allowing nomenclature of the isoforms on a centile scale) and apoB-48 
(2156 amino acids; 265 kD) made by the intestine. ApoB-100 comprises a series of amphipathic -helices ( 1, 2, 3 for reversible lipid 
binding) and -sheet ( , 1, 2) domains ( 1 and 2 irreversibly associated with the lipid core of the lipoprotein).

Other functionally relevant domains (arrows) include the microsomal triglyceride transfer protein (MTP) binding domain of 
importance in very-low-density lipoprotein (VLDL) assembly, the LDL receptor binding domain for receptor-mediated endocytosis of 
lipoprotein particles and the apoB-48 splice site allowing chylomicron formation. Mutations of the APOB gene (43 kb, 29 exons) may 
cause familial defective apoB-100 (mutations in exon 26, see text) or hypobetalipoproteinemia associated with truncated forms of 
apoB. ApoB-48 (representing 48% of apoB-100) is produced by an enzyme, apobec-1 present only in the intestine, through a post-
transcriptional mRNA editing process. Redrawn from Whitfield AJ et al. (2004). Lipid disorders and mutations in the APOB gene. Clin 
Chem, 50: 1725–1732. For more details regarding the metabolic scheme see 1.2.
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1.23 Metabolic defect in familial defective apolipoprotein B-100. In familial defective apolipoprotein B-100 (FDB), the primary defect 
is a point mutation in the APOB gene and production of a metabolically defective apoB-100 protein (represented by a B in a dark-red 
circle) with reduced affinity for the low-density lipoprotein (LDL) receptor and elevation of LDL-C. This is associated with a reduced 
production of LDL (thin arrows). In contrast, the residence time of very-low-density lipoprotein (VLDL) apoE (E on a green circle) is 
reduced because apoE becomes the favoured ligand to clear particles via the LDL receptor and the LDL receptor-related protein (LRP) 
(green arrowheads and direct arrow from IDL to the liver). Furthermore, the abnormal LDL are more susceptible to oxidation, increasing 
their atherogenic potential (thicker arrow, lower right). For more details regarding the metabolic scheme and abbreviations, see 1.2

Unknown

<1:1000

1:1000–1:750

1:750–1:500

1:500–1:400

1:400–1:300

1:300–1:250

1:250–1:200

1.24 Estimated world prevalence of familial defective apolipoprotein B-100 (FDB). The prevalence of FDB, estimated to be 1 in 
500 to 1 in 700 in Caucasians, varies widely from country to country. This figure demonstrates the very high prevalence in the countries 
of central Europe. From haplotype analysis of the mutations and population genetic studies, Miserez and Muller speculated that the 
common mutation originated from Celtic ancestors in a region between Lake Geneva, the Jura mountains and the Rhine, perhaps 
as early as the Mesolithic period (6000 to 10 000 years ago). Switzerland, Belgium and France stand out in Europe on this map and 
Australia in the rest of the world. In the northwestern part of Switzerland, the prevalence of this mutation is 1 in 114. These results 
are, in most cases, extrapolations from samples of hypercholesterolemic subjects attending their respective lipid clinics. The R3500Q 
mutation has been detected almost exclusively in Caucasian individuals. Redrawn from Miserez AR, Muller PY (2000). Familial 
defective apolipoprotein B-100: a mutation emerged in the Mesolithic ancestors of Celtic peoples? Atherosclerosis, 148: 433–436.
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effect is present and/or demonstrate normal LDL receptor 
number or activity in cultured fibroblasts. This has been 
carried out in several studies.

The differential diagnosis depends on the severity of 
the hypercholesterolemia. When it is modest or moderate, 
familial combined hyperlipidemia with isolated hypercho-
lesterolemia and polygenic hypercholesterolemia should be 
considered first, after exclusion of secondary causes or an 
unhealthy lifestyle. If the hypercholesterolemia is severe, the 
differential diagnosis is that of the FH phenotype. The family 
history and age at first manifestation assist in the diagnosis 
because clinical manifestations occur later in life than in FH. 
Treatment of FDB is identical to that of FH.

Autosomal dominant hypercholesterolemia (FH3)
The FH phenotype may occur in the absence of an LDLR 
or an APOB abnormality. It was the study of kindreds 
ascertained from a proband without such defects that led to 
the discovery of FH3. Varret, in the laboratory of Boileau, 

Junien and colleagues in Paris in 1999, mapped a third 
locus for the FH phenotype on the short arm of chromo-
some 1 (1p32–34.1),which they called FH3. The original 
demonstration was the result of a concerted international 
collaboration and involved the study of French, Spanish and 
Sardinian families. Other kindreds were identified in Utah, 
USA. More recently, in a collaboration with Seidah and co-
workers in Montreal, Abifadel and colleagues in Boileau’s 
Paris laboratory found that FH3 was a proprotein convertase 
gene: the proprotein convertase subtilisin/kexin type 9 gene 
(PCSK9) which encodes the PCSK9 protein, also called 
the neural apoptosis regulated convertase-1 (NARC-1). 
Convertases are a family of enzymes responsible for the 
processing of multiple precursor proteins including growth 
factors, neuropeptides, receptors, membrane-bound tran-
scription factors and enzymes. PCSK9 mRNA is expressed 
in the liver, small intestine and brain. It is involved in neu-
rogenesis, nephrogenesis and hepatogenesis and belongs to 
the proteinase subfamily of subtilases. Two mutations of this 

1.25 Lipoprotein kinetics in familial defective apoB-100 (FDB). The results of a stable-isotope-labelling lipoprotein kinetic study 
using a tritiated leucine-primed constant infusion carried out by Schaefer JR et al. are depicted in this figure. Three normal men were 
compared with a patient homozygous for FDB. Plasma low-density lipoprotein-cholesterol (LDL-C) (203 mg/dl) and apoB (254 mg/dl) 
concentrations of this patient were twice that of the normal subjects (92 mg/dl and 81 mg/dl), whereas his plasma apoE levels were 
low (20 mg/dl vs. 26 mg/dl). FDB is a dominant disease, accounting for the moderate levels of LDL-C in this homozygous patient, 
which contrasts with what is observed in FH patients in whom the homozygotes have much higher levels than the heterozygotes (a 
co-dominant disease). The LDL-apoB residence time is increased three-fold, the LDL-apoB production rate is halved, the VLDL-apoB 
residence time doubled and the VLDL-apoE residence time is reduced by 42% in the homozygous patient when compared with the 
normal controls (P < 0.05). Redrawn from data reported in Schaefer JR et al. (1997). Homozygous familial defective apolipoprotein 
B-100. Enhanced removal of apolipoprotein E-containing VLDL and decreased production of LDL. Arterioscler Thromb Vasc Biol, 17: 
348–353.
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gene were reported to segregate with the FH phenotype in 
French families. They include Ser127  Arg (S127R) and 
Phe216 Leu (F216L). A new mutation of PCSK9 was iden-
tified in the Utah families, Asp374 Tyr (D374Y) as well as in 
Norway and England. We have also observed a new mutation, 

Arg237 Trp (R237W) in a 73-year-old French-Canadian 
patient attending the authors’ lipid clinic. In addition, two 
polymorphisms of PCSK9 are associated with elevated 
levels of LDL-C in Japan and another one in Caucasians. 
Later, other mutations were found to be associated with low 
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1.26 Model of low-density lipoprotein (LDL) receptor binding of Borén et al. In this drawing, the spheres represent the cholesteryl 
ester-rich LDL particle and the band is the apoB wrapped around it. Normal binding of apoB to its receptor involves an interaction 
between arginine 3500 and tryptophan 4369 (R3500-W4369) in the carboxyl tail of apoB-100 (overlap on top left drawing). This 
interaction drives the correct folding of the C-terminal end of apoB for interaction with the LDLR. In the metabolic diagrams throughout 
this atlas, this point is represented by a B in a red circle, depicting only the major ligand–receptor interaction site. The classic familial 
defective apoB-100 (FDB) mutation (R3500Q) displacing the carboxyl end of apoB away towards ‘site B’ causes improper folding and 
disruption of the ligand–receptor interaction (top middle). The same thing happens if the Trp at position 4369 is mutated (W4369Y, top 
right, FDB-like mutation). Mutated W4369Y LDL and R3500Q LDL isolated from transgenic mice have identical defective LDL binding 
as in FDB and a higher affinity for the monoclonal antibody MB47, which has an epitope flanking residue 3500. 

Removing 3% of the carboxyl (apoB-97) allows the interaction and results in normal binding (lower left). The lack of the carboxyl tail 
(in apoB-95) induces a gain in function with enhanced receptor binding (lower middle). Therefore, the carboxyl terminal functions as a 
negative modulator of receptor binding and the same research group has shown that it inhibits binding of VLDL to the LDLR. Trp 4369 
interacts not only with Arg 3500, but also with Arg 3480 and Arg 3531, explaining the occurrence of FDB in mutations affecting these 
sites. Site B (i.e. residues 3359–3369) is the receptor-binding site; as can be seen, it is slightly further from the major mutation sites. 
Redrawn with permission from Borén J et al. (2001). The molecular mechanism for the genetic disorder familial defective apolipoprotein 
B100. J Biol Chem, 276: 9214–9218.
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plasma cholesterol levels (loss-of-function mutations). The 
major mutations are summarized in 1.27.

The clinical picture of the affected individuals may be 
indistinguishable from that of FH although it may vary in 
severity within and across kindreds. There is also evidence 
that the affected subjects may be more responsive to treat-
ment with statins. Our patient with the R237W mutation is 
alive at the age of 80 and presented with the FH phenotype 
including tendon xanthomas, xanthelasma, arcus corneae, 
LDL-C of 5.96 mmol/l (230 mg/dl) with normal triglycerides 
and HDL-cholesterol (HDL-C). He responded very well to 
10 mg/day of simvastatin with a 41% fall in LDL-C (1.28). A 
PCSK9 defect was sought because of the absence of any of the 
common LDLR mutations or the common FDB mutation 
(R3500Q). The mechanism whereby mutations of PCSK9 
are linked to the phenotype is not fully established. PCSK9 

mRNA is downregulated by cholesterol in hepatocytes and 
by dietary cholesterol in mice. It is upregulated in the liver 
of sterol regulatory element binding protein-2 (SREBP-2) 
transgenic mice. PCSK9 is markedly upregulated by statins 
and by cholesterol depletion in human hepatocytes as shown 
in the authors’ laboratory. The Pcsk9 transgenic mouse 
develops a phenotype similar to that of an Ldlr knockout, 
whereas mice lacking Pcsk9 show hypocholesterolemia but 
statins are still active. There appears to be a close relationship 
of PCSK9 activity with the LDL receptor activity, perhaps a 
modulatory role. The current view is that PCSK9 promotes 
LDL receptor degradation (1.29). PCSK9 is secreted in 
plasma. In parabiotic mice the donor PCSK9 may degrade 
the LDLR of the recipient (Lagace et al. 2006). PCSK9 is 
sulphated and circulating PCSK9 is itself degraded by furin, 
another convertase (PC3) (Benjannet et al. 2006). PCSK9 is 
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1.27 The PCSK9 (NARC-1) protein and gene mutations influencing plasma LDL-C. The PCSK9 protein (top) is a 692-amino 
acid pre-pro-peptide comprising a signal peptide (SP), a pro-segment (Pro), a catalytic domain (Catalytic) and a C-terminal domain. 
The catalytic pocket containing the nucleophiles aspartic acid (D), histidine (H), asparagine (N) and serine (S) takes an active 
conformation after cleavage of the pro-segment. The position and the amino acid substitutions of the mutations that are associated 
with high LDL-C levels are shown at the top of the protein, those that are associated with a reduced plasma LDL-C are shown at the 
bottom. Not shown among the latter is R237W that has been reported to be associated with hypercholesterolemia in Canada and 
with hypocholesterolemia in Norway. The colour code indicates the origin of the mutation, France (blue), USA and Norway (grey), 
Norway (pink), Italy (red) and Canada (green). The mutation in orange (Japan) with an asterisk is a common variant associated 
with high low-density lipoprotein-cholesterol (LDL-C) in the general population. The E670G coding SNP in mauve with two asterisks 
reported in Caucasians also influences the LDL-C levels (increased with the rare GG genotype). The mutations associated with low 
LDL-C reported in Dallas are shown in black; the others in pink are from Norway. The PCSK9 gene (bottom) located on chromosome 
1 contains 12 exons (squares). The locations of the mutations on the gene are given using the same colour code. The position of the 
codons coding for the nucleophiles of the catalytic pocket are also given.
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regulated as a typical cholesterologenic gene. These findings 
undoubtedly establish a link between cholesterol homeostasis 
and PCSK9. The measurement of PCSK9 activity is based 
on its own autocatalytic zymogen processing for the time 
being because the natural substrate for PCSK9 is unknown. 
Two of the mutations reported, S127R and D374Y, partially 
and totally abrogated this processing, respectively.

FH3 is a rare condition and the prevalence of PCSK9-
related hypercholesterolemia is not yet determined in the 
population at large. The metabolic abnormalities have been 
studied by Ouguerram and colleagues in two hypercholester-
olemic subjects who were carriers of the S127R mutation. 
They were compared with controls or FH carriers of an LDLR 
mutation. The kinetics of VLDL, IDL and LDL apoB-100 
were assessed using a stable isotope technique. The PCSK9 
mutation increased LDL-C due to a three-fold direct over-
production of VLDL and IDL and a five-fold overproduc-
tion of LDL. The fractional catabolic rate of LDL was only 
slightly reduced (30%). There was a decreased conversion of 
VLDL to IDL (10%) and IDL to LDL (30%) and a reduced 
catabolic rate of apoB. The cholesterol to triglyceride ratio 
was increased, which could account for a reduced rate of 
lipolysis of VLDL by lipoprotein lipase (LPL). Therefore, in 
contrast with FH, overproduction of apoB dominates in this 
disease. This preliminary work warrants further investigation 
of the metabolic defect in FH3. The differential diagnosis is 
essentially that of FH but responsiveness to statin therapy 
and a relatively less severe phenotype may help to focus on 
this new hereditary disease. Time will tell whether a PCSK9 

mutation alone is sufficient to cause the phenotype or 
whether other genetic or environmental factors are needed 
for expression of the full clinical picture. On the other hand, 
because the loss-of-function mutations are associated with 
low LDL-C levels and protection against coronary artery 
disease (CAD), PCSK9 has become a promising target for 
drug development.

Deficiency of cholesterol 7 -hydroxylase 
(CYP7A1)
This disease was discovered by Pullinger and co-workers 
in 2002 at the University of California in San Francisco. 
The proband was a 55-year-old man with fasting hyper-
cholesterolemia (10.8 mmol/l or 419 mg/dl) and hypertri-
glyceridemia (10.4 mmol/l or 919 mg/dl) and history of 
gallstones (cholecystectomy at age 42), CAD (age 48) and 
aorto-femoral arteriosclerosis. Mean LDL-C was higher in 
homozygotes than in heterozygotes, which was in turn higher 
than in non-affected relatives (1.30). Only a few members of 
the large kindred studied had LDL-C levels close to those 
of classic FH. Total cholesterol, however, exceeded the 95th 
percentile. HDL-C was normal. Total fecal bile acid excret-
ion was reduced 94% in one homozygote when compared 
with controls. These features are typical of the disease when 
added to the presence of remnant lipoproteins and poor 
responsiveness to statin therapy requiring a combination of 
large doses of statin and nicotinic acid for control. No xan-
thomas were reported, but there was no mention of physical 
findings in the study, so they cannot be excluded.
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1.28 Sensitivity to treatment with 
a statin in FH3 (PCSK9 R237W). 
Sensitivity to treatment with a 
statin in a 73-year-old man with the 
Arg237 Trp mutation of PCSK9 is 
part of the phenotype of FH3. This 
patient has clinical manifestations 
of familial hypercholesterolemia 
including tendon xanthomas, arcus 
corneae and xanthelasma. There is 
a history of myocardial infarction in 
the patient’s family and in one sibling 
with the R237W mutation.
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The defective enzyme, cholesterol 7 -hydroxylase, is a 
member of the cytochrome P450 mixed-function oxidase 
superfamily, hence the synonym CYP7A1 (cytochrome 
P450 7A1) deficiency. It is a rate-regulating enzyme that 
induces 7-hydroxylation of cholesterol to initiate bile acid 
synthesis (1.31). Failure of this enzyme markedly reduces 
bile acids in the bile and feces, the major route of choles-
terol excretion, and increases the pool of cholesterol in the 
liver, thereby inhibiting LDL receptor activity and raising 
plasma cholesterol. It also reduces the solubility of choles-
terol in the bile, thus favouring gallstone formation. The 
gene encoding this enzyme in humans was mapped to chro-
mosome 8 (8q11–q12) by Cohen in 1992. The mutation 
responsible for the original cases was a frameshift mutation 

in CYP7A1 causing a Leu Arg substitution at codon 413 
(L413R) followed by a premature stop codon. This results 
in transcription of a truncated protein missing the last 91 
C-terminal residues, which include a hem-binding domain 
essential for activity. A Taq1 restriction site is created that 
allows identification of the mutation. The mode of inher-
itance is co-dominant as in classic FH because of the inter-
mediate phenotype in heterozygotes. More kindreds must 
be identified and more studies are needed to establish the 
full clinical picture, metabolic consequences, frequency and 
pathophysiology of this disease.

The diagnosis of this disease among dominant forms of 
hypercholesterolemia may be established on the basis of a 
plasma cholesterol level lower than expected for a classic FH, 
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1.29 PCSK9 and low-density lipoprotein receptor (LDLR) protein metabolism. After binding of the LDL particle to its receptor 
via apolipoprotein B (apoB) (top left), the complex is internalized by endocytosis in clathrin-coated pits. Internalization requires ARH 
(autosomal recessive hypercholesterolemia) protein. It is believed that PCSK9 (in green) may contribute to LDLR degradation (coated 
pit on the right and green arrow) in the late endosome compartment. Inside the endocytotic vesicle, the LDL-apoB–LDLR complex 
is broken down. The freed LDLR can either be recycled to the cell surface or sent to the lysosomes for degradation. Cholesterol is 
unesterified and FC liberated into the cell where it contributes to the cholesterol pool. When cholesterol is low, SREBP is activated 
and stimulates the synthesis of both the LDLR and proPCSK9. In the endoplasmic reticulum (ER) proPCSK9 is cleaved into PCSK9 
and remains tightly bound to PCSK9. The LDLR and PCSK9 move to the Golgi and the trans-Golgi network (TGN) where PCSK9 is 
post-transcriptionally sulphated within its prosegment at Tyr38 (white dot). At some point during this transit, the LDLR is directed either 
to the cell membrane (for surface expression or cleavage and shedding) or to a lysosomal compartment where it will be degraded. By 
a still unknown mechanism, this process is PCSK9 dependent. PCSK9 itself is secreted outside the cell. It may be degraded at the cell 
surface by furin (blue crescent) or another proprotein convertase (PC5/6A). When PCSK9 is overexpressed, fewer LDLRs appear at 
the surface and vice versa – when PCSK9 has a loss-of-function mutation, more receptors appear at the cell surface. Figure designed 
in collaboration with Nabil G Seidah and colleagues.
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presence of gallstones in the patient or members of his or her 
family (relatively early gallstone disease in non-obese males 
is infrequent), hypertriglyceridemia (two of three homozy-
gotes had hypertriglyceridemia) with the presence of rem-
nant lipoproteins and resistance to lipid-lowering treatment. 
Reduced bile acid fecal excretion and demonstration of the 
mutation would clinch the diagnosis but imply referral to a 
specialist centre. Diagnostic accuracy will improve as more 
cases are reported and new diagnostic tools are developed.

Recessive forms

Autosomal recessive hypercholesterolemia 
(ARH)
In 1973, reviewing their experience with 52 cases of homo-
zygous FH, Khachadurian and Uthman reported a Lebanese 
family in which all four children of normolipidemic parents 
had this phenotype, probably the first report of a recessive 
form of FH. In 1995 Zuliani and co-workers recognized 
the existence of a similar recessive disorder, this time in an 

Italian family living in Sardinia. They reported two siblings 
in their twenties presenting marked hypercholesterolemia 
and clinical features of homozygous FH such as tuberous 
and tendinous xanthomas, which were first noted at age 10. 
They had severe aortic and coronary stenosis associated 
with angina. Unexpectedly, both parents were normolipid-
emic. Similar cases have also subsequently been identified 
in a few other Sardinian families and in other parts of the 
world (Japan, Turkey, Iran, Syria, England, India, Mexico 
and USA). Some patients in a Japanese family presented 
multiple large cutaneous xanthomas (1.32) and a fatty 
liver (1.33). Mexican patients were reported to be severely 
hypertriglyceridemic and markedly obese. Consanguinity, 
absence of vertical transmission and bimodal distribution 
of plasma cholesterol levels in the kindred were consistent 
with an autosomal recessive mode of inheritance. The dis-
ease (Online Mendelian Inheritance in Man, OMIM No. 
603813) was mapped to the ARH gene in 2001 by Eden 
in the laboratory of Soutar and co-workers at Imperial 
College, London. Approximately 50 patients from different 
ethnic origins have been reported in the literature so far. In 
vitro studies with fibroblasts revealed that the LDL recep-
tor of the affected subjects appeared intact as it bound and 
degraded LDL normally. Unexpectedly, however, it has been 
observed later that binding and degradation is defective in 
cultured lymphocytes and monocyte-derived macrophages. 
Familial defective ApoB-100, sitosterolemia and cholesteryl 
ester storage disease were also excluded. The new disease 
was identified as ARH (autosomal recessive hypercholes-
terolemia). Plasma total cholesterol concentration in ARH 
ranges from 12 mmol/l to 20 mmol/l (465–775 mg/dl) and 
plasma LDL-C from 10 mmol/l to 15 mmol/l (385–580 mg/
dl). If left untreated, symptomatic cardiovascular disease 
may develop, beginning in the third decade. Fortunately, 
and contrary to homozygous FH, ARH is responsive to 
lipid-lowering therapy with bile acid sequestrants, ezetimibe 
and/or HMG-CoA reductase inhibitors capable of decreas-
ing total cholesterol by 60–70%.

In recent years the molecular mechanism of ARH has 
been elucidated: mutations in the gene coding for a novel 
putative adaptor protein called ARH are responsible for the 
disease (1.34). To date, 12 mutations have been identified 
in the ARH gene located on the short arm of chromosome 
1 (1p35–36). All but one of these introduces a premature 
stop codon that precludes the synthesis of detectable ARH 
protein necessary for the internalization of LDL after nor-
mal binding to the LDL receptor. The exception is the most 
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1.30 Effect of CYP7A1 genotypes on low-density lipoprotein 
(LDL)-cholesterol. Values (mean ± SEM) were adjusted for age 
and sex. There were three homozygotes (–/–), six heterozygotes 
(+/–) and 26 unaffected relatives (+/+) in this family where the 
CYP7A1 defect segregated. The gene dosage effect is evident. 
Statistical analysis was by ANOVA; *P = 0.007 and †P = 0.002 
vs. unaffected relatives. Redrawn with permission from Pullinger 
CR et al. (2002). Human cholesterol 7alpha-hydroxylase 
(CYP7A1) deficiency has a hypercholesterolemic phenotype.  
J Clin Invest, 110: 109–117.
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recently identified mutation, found in a Mexican family, 
which results in an in-frame deletion in the phosphotyrosine- 
binding (PTB) domain that is believed to interact directly with 
the LDL receptor. Interestingly, the reduced uptake of LDL 
is present in human lymphocytes, and monocyte-derived 
macrophages but not in fibroblasts. Ineffective hepatic LDL 
receptor activity has been postulated from experiments in 
ARH null mice showing abnormal accumulation of the LDL 
receptor on the cell surface of hepatocytes. Recent evidence 
indicates that ARH acts as a clathrin-associated sorting 
protein (CLASP) coupling the LDL receptor with clathrin 
machinery in the coated pits to promote endocytosis (see 
1.29). Therefore, in patients with ARH, LDL uptake in the 
liver is reduced to the same extent as it is in patients with 
homozygous FH, thus promoting the development of the 

same clinical phenotype. The differential diagnosis is the 
same as that of homozygous FH. Recognition of the mode of 
inheritance (1.35) and responsiveness to treatment should 
help the physician to make the correct diagnosis.

Lysosomal acid lipase deficiency: Wolman’s 
disease and cholesteryl ester storage disease
Lysosomal acid lipase (cholesteryl ester hydrolase) deficiency 
is a recessive inborn error of metabolism that is classified 
among lysosomal diseases or lipidoses (OMIM No. 278000). 
It is characterized by massive accumulation of cholesteryl 
esters and triglycerides in most tissues of the body, especially 
in the liver. The severe pediatric form, Wolman’s disease, 
occurs in infancy and is nearly always fatal in the first year of 
life causing hepatic or adrenal failure. It was initially termed 
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1.31 Metabolic defect in cholesterol 7 -hydroxylase deficiency. The classic pathway for bile acid synthesis shown in (A) begins 
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produce chenodeoxycholic acid in humans. Redrawn with permission from Beigneux A et al. (2002). Human CYP7A1 deficiency: 
progress and enigmas. J Clin Invest, 110: 129–131.
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a ‘primary familial xanthomatosis with adrenal calcification’. 
It is estimated to occur with a frequency of less than 1 in 
100 000 live births. It is manifested by hepatosplenomegaly, 
anemia, steatorrhoea, adrenal calcifications and failure 
to thrive. The punctate adrenal calcifications detected by  
X-rays are pathognomonic (1.36). Plasma lipid levels 

are usually at the low end of the normal range but a few 
cases with high triglycerides and/or low HDL-C have been 
reported. The only other disease that it may be confused with 
is glycogen storage disease type I, which may be excluded by 
the failure of an intravenous glucagon or galactose tolerance 
test to increase glucose and lactate. The diagnosis of this 

1.32 Severe tuberous xanthomatosis of hands and feet in autosomal recessive hypercholesterolemia (ARH). Note the 
resemblance with lesions of homozygous familial hypercholesterolemia (FH). Helpful clues to the diagnosis are the absence of 
hypercholesterolemia in the parents and the good response of plasma cholesterol to drug therapy in contrast to what is observed in 
homozygous FH. Reproduced with permission from Harada-Shiba M et al. (2003). Clinical features and genetic analysis of autosomal 
recessive hypercholesterolemia. J Clin Endocrinol Metab, 88: 2541–2547.

1.33 Liver steatosis in autosomal recessive hypercholesterolemia (ARH) reported in Japan. Microscopic sections of the liver 
demonstrate lipid accumulation in hepatocytes as clear vacuoles on the left (hematoxylin-eosin staining) and as pink vacuoles on 
the right at a higher magnification (Sudan III staining). Note that this feature has not been reported in other cases of ARH but it may 
not have been looked for in all cases. Reproduced with permission from Harada-Shiba M et al. (2003). Clinical features and genetic 
analysis of autosomal recessive hypercholesterolemia. J Clin Endocrinol Metab, 88: 2541–2547.
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Color code: Sardinian; Pakistani; American; Iranian; Syrian; Lebanese & Turkish;
Mexican; English & Japanese; English; Italian

Gene

Protein

PTB domain
(LDLR binding)

Clathrin box
(clathrin heavy
chain binding)

AP2-binding
domain

(a-adaptin binding)

1 44 178 212 217 248 279 308

Del exons 2 – 7

1 2 3 4 5– 7 7a 8 9

3¢5¢

G65
Del GG65 66
Del G65
Ins G65

 A (W22X)

Ins C559

Ins A432

Ins
2.6Kb

Exon:

G 1 C
Abnormal
splicing

T 2 G
Abnormal
splicing

T(Q136X)C406

G 773 C
Additional

exon

1.34 Mutations of the ARH gene causing autosomal recessive hypercholesterolemia. All known mutations (except exon 4, +2  
T  G) result in premature termination and a null phenotype, i.e. no detectable protein. Colour code indicates the origin of the mutation: 
Sardinian (pink), Pakistani (light green), American (black), Iranian (grey), Syrian (light blue), Lebanese and Turkish (light orange), 
Mexican (dark grey), English and Japanese (red), English (dark blue), and Italian (dark orange). The major functional domains of the 
protein are shown in the lower part of the diagram. ins, insertion; del, deletion; AP-2, adaptor protein-2. Figure devised in collaboration 
with Anne K Soutar (Soutar AK, Naoumova RP (2004). Autosomal recessive hypercholesterolemia. Semin Vasc Med, 4: 241–248).
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condition is based on the clinical picture and confirmed by 
measurement of lysosomal acid lipase (LAL) in peripheral 
blood leucocytes. There is no known effective treatment (see 
below).

The adult form, cholesteryl ester storage disease 
(CESD), in contrast, follows a milder clinical course and is  

associated with hypercholesterolemia. LDL-C may range 
from 4.5 mmol/l to 8.5 mmol/l (175–330 mg/dl). Triglycerides 
may be normal or modestly elevated. HDL-C is usually low, 
ranging between 0.2 mmol/l and 0.6 mmol/l (6–24 mg/dl). 
An inverse ratio of HDL2 to HDL3 of 10:1 rather than of 
1:10 has been reported. CESD is discussed in this chapter 
because it may be a real, albeit very rare, source of confu-
sion in the diagnosis of familial hypercholesterolemia: only 
about 100 cases of LAL deficiency have been described in 
published reports.

LAL’s major function is to hydrolyse cholesteryl esters 
and triglycerides in various lipoproteins as they are removed 
from the plasma by receptor-mediated endocytosis in differ-
ent tissues to be processed in the lysosome (1.37). LAL is 
ubiquitous and found in all nucleated cells. This 378 amino 
acid enzyme is coded by the LIPA gene on chromosome 
10q23.2–23.3 (10 exons, spanning 36 kb). Mutations in this 
gene are responsible for both clinical forms of the disease. 
The severity of the phenotype is a function of the residual 
enzyme activity, which leads to various degree of accumula-
tion of its substrates in all organs, particularly liver, spleen, 
adrenals, intestine, hemopoietic system, lymph nodes, lung, 
testes and ovaries. Absence of enzymatic activity causes 
Wolman’s disease; a residual 3% of enzyme activity is enough 
to extend the life of a LAL-deficient patient into adulthood. 
Over 20 mutations of the LIPA gene have been reported in 
subjects from different countries including Austria, Croatia, 
Canada, France, Japan, Italy, Germany, Norway, Spain and 
Turkey and of different ethnic origins including Africans, 
Arabs, Caucasians, and Jews. A missense mutation in exon 8 
has been reported in as many as 75% of cases of CESD with 
about 5% residual LAL activity. This common mutation, a 
G934 A exchange, results in the skipping of exon 8 from 
the mRNA transcript and in the loss of the internal amino 
acids 254–277 from the mature enzyme. Symptoms may 
be induced at any age. Hepatomegaly may be the only sign 
but is often associated with splenomegaly and gastrointes-
tinal symptoms. Affected individuals rarely live beyond the 
fifth decade, dying of liver failure or myocardial infarction. 
Kinetic studies have shown that the hypercholesterolemia 
is due to an overproduction of VLDL apoB-100 and an 
impaired LDL clearance. Lovastatin (10–80 mg/day) was 
shown to lower LDL-C without normalizing it and to reduce 
the hepatosplenomegaly substantially. It decreases the apoB 
production rate but paradoxically does not increase the frac-
tional catabolic rate of LDL. According to studies in mice, 
this disease may be amenable to gene therapy.

(A)

(C)

(B)

1.36 Calcified adrenals in Wolman’s disease. In Wolman’s 
disease, the severe pediatric form of cholesteryl ester storage 
disease secondary to lysosomal acid lipase deficiency, the 
adrenals are enlarged and calcified in a unique fashion as 
demonstrated here. (A) General appearance of the infant. (B) 
X-ray focusing on the adrenals. (Both pictures were generously 
contributed by Prof. G. Assmann, University of Muenster). (C) 
The extensive punctate deposits in enlarged adrenals are 
pathognomonic of Wolman’s disease. In the adult form, which 
is associated with hypercholesterolemia, there are reports of 
calcified adrenals that have been demonstrated by X-ray or 
computed tomography scanning. CT scan reproduced with 
permission from Crocker AC et al. (1965). Wolman’s disease: 
three new patients with a recently described lipidosis. Pediatrics, 
35: 627–640.
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A diagnosis of CESD in a hypercholesterolemic patient 
should be suspected if it is associated with the presence of 
hepatomegaly and splenomegaly, abnormal liver enzymes 
(alanine aminotransferase and aspartate aminotransferase 
elevation), absence of a family history of premature cor-
onary artery disease (because of the recessive mode of 
inheritance), and absence of xanthomas that are seen in 
familial hypercholesterolemia. Other manifestations may 
include severe chronic diarrhea and weight loss (the 
only presentation in a recently reported case), recurrent 
abdominal pain, neurological complaints (headaches, ver-
tigo, hypersomnia, loss of consciousness), gastrointestinal 
bleeding, hypoprothrombinemia, epistaxis and delayed 

puberty. Liver biopsy may assist in establishing the diag-
nosis and the extent of liver involvement. Light microscopy 
will demonstrate lipid droplets in parenchymal cells and 
in enlarged Kupffer’s cells, septal fibrosis and periportal 
inflammation. Electron microscopy will reveal cytoplasmic 
inclusions limited by trilaminar membranes characteristic 
of lysosomes (1.38). The diagnosis is confirmed by mea-
surement of acid lipase activity in lymphocytes or skin 
fibroblasts. Neutral lipid accumulation may be demon-
strated in cultured skin fibroblasts taken from severe 
cases or in circulating leucocytes (1.39). Sequencing of 
LIPA is used in specialist clinics to determine the causal 
mutations.
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1.37 Site of enzymatic defect in Wolman’s disease and cholesteryl ester storage disease (CESD). Cholesteryl esters (CE) and 
triglycerides (TG) carried by lipoproteins (LDL, VLDL, chylomicron remnants, IDL, oxidized LDL or modified LDL) are taken up by 
receptor-mediated endocytosis to reach the lysosome for processing. In the lysosome, the receptor is either broken down or exported for 
recycling. TG and CE are hydrolysed to their components: glycerol (G), free cholesterol (C), and free fatty acids (FFA) by lysosomal acid 
lipase (LAL). Normally, the free cholesterol is liberated into the cytoplasm where it is re-esterified with fatty acids by acyl-CoA:cholesterol 
acyl transferase (ACAT) for storage in lipid droplets or the FFA are directed towards mitochondria for -oxidation. When LAL is mutated 
(red bar), the defective enzyme leads to accumulation of TG and CE in the lysosome and accounts for lipid infiltration of the liver, 
intestine, spleen, adrenals, testes and many other tissues. Macrophages, with their many cell surface receptors for oxidized LDL such as 
scavenger receptor A (SR-A), lectin-like oxidized LDL receptor (LOX-1), CD-36, scavenger receptor for phosphatidylserine and oxidized 
LDL (SR-PSOX) etc. will turn into lipid-laden foam cells (favouring the atherogenic process in the arterial wall). The free cholesterol pool 
of the cell (lower left) has important regulatory functions on LDL receptor activity ( ), HMG-CoA reductase ( ), and ACAT activity ( ). Its 
reduction in LAL deficiency promotes increased HMG-CoA reductase activity, increased LDL receptor (LDLR) expression in Wolman’s 
disease but reduced LDLR expression in CESD (because of residual LAL activity in the latter), and reduced ACAT activity. Modified with 
permission from Assmann G, Seedorf U (2001). Molecular Bases of Metabolic Disease. McGraw Hill, New York.
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The report of a serendipitous diagnosis of CESD in a 
51-year-old man from a liver biopsy performed because of 
suspected liver cancer has raised important questions. This 
man had a long clinical history of combined hyperlipidemia 
(total cholesterol of 10.7 mmol/l; triglycerides of 3.8 mmol/l) 
and severe premature atherosclerosis but no hepatomegaly, 
liver dysfunction or splenomegaly. He was homozygous for 
the frequent G934 A mutation. He died aged 52 years of 
liver failure as a consequence of extensive tumour infiltration. 
This report indicates that CESD may remain undetected 
for years. It also raises the possibility that this condition is 
under-diagnosed and more common than anticipated. The 
wide variation of phenotypic expression also makes diagnosis 
of this condition difficult in adulthood.

Polygenic, sporadic and multifactorial 
hypercholesterolemias

These terms have been used loosely and sometimes inter-
changeably to describe hypercholesterolemias of undeter-
mined etiology. These may occur in the absence of a family 
history (sporadic), may be associated with a familial com-
ponent of imprecise genetic mode of inheritance or may be 
construed as being the result of the interaction of several 
genes with a small effect (oligogenic or polygenic). They 
may be the result of one or more environmental factors (e.g. 

Control Wolman’s disease

1.39 Neutral lipid accumulation in fibroblasts in Wolman’s disease. Staining of neutral lipids with oil red O in a monolayer culture of 
fibroblasts from a normal subject and a patient with Wolman’s disease (fetal death). The massive intracellular accumulation of orange-
red droplets reflects the presence of trapped cholesteryl esters in lysosomal vesicles characteristic of acid lysosomal lipase deficiency. 
Reproduced with permission from Zschenker O et al. (2001). Characterization of lysosomal acid lipase mutations in the signal peptide 
and mature polypeptide region causing Wolman disease. J Lipid Res, 42: 1033–1040.

1.38 Electron micrograph of a liver biopsy in cholesteryl 
ester storage disease showing typical lipid inclusions. 
Ultrastructural features of the portal tract showing many 
vacuoles and empty clefts left by the fixation procedure of 
cholesteryl esters in the cytoplasm of parenchymal cells and of 
an enlarged Kupffer’s cell (centre). The liver biopsy was obtained 
from a 5-year-old girl with hyperlipoproteinemia, severe diarrhea 
and hepatosplenomegaly. The membrane-lacking parenchymal 
droplets contained mostly triglycerides whereas the material in 
Kupffer’s cells represented cholesteryl ester deposits frequently 
limited by cytomembranes. Reproduced with permission from 
Boldrini R et al. (2004). Wolman disease and cholesteryl ester 
storage disease diagnosed by histological and ultrastructural 
examination of intestinal and liver biopsy. Pathol Res Prac, 200: 
231–240.
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high saturated fat – high cholesterol diet, obesity, caloric 
excess, stress, subclinical hypothyroidism, pregnancy, meno-
pause) interacting (or otherwise) with a genetic predisposing  
factor or susceptibility gene (multifactorial). They apply also 
to hyperlipidemias generally. In the study of Goldstein and 
colleagues in 1973 on myocardial infarction survivors, which 
led to the notion of familial combined hyperlipidemia, 14% 
had isolated hypercholesterolemia and 17% had isolated 

hypertriglyceridemia defined as ‘sporadic or polygenic’ with 
no definite etiology established (1.40). This work served as 
the basis for defining familial combined hyperlipidemia (see 
Chapter 2). The terms as currently used may be reflecting 
undetermined or non-established etiology or a combina-
tion of unrelated cholesterol- (or lipid-) raising factors 
(multifactorial).
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