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Abstract: Familial hypercholesterolemia (FH) is an autosomal dominant disease caused by 

mutations in the low-density lipoprotein (LDL)-receptor gene (LDLR). Patients with homozy-

gous FH (hoFH) have inherited a mutated LDLR gene from both parents, and therefore all 

their LDL-receptors are incapable of functioning normally. In hoFH, serum LDL levels often 

exceed 13 mmol/L and tendon and cutaneous xanthomata appear early (under 10 years of age). 

If untreated, this extremely severe form of hypercholesterolemia may cause death in childhood 

or in early adulthood. Based on recent data, it can be estimated that the prevalence of hoFH is 

about 1:500,000 or even 1:400,000. Until now, the treatment of hoFH has been based on high-

dose statin treatment combined with LDL apheresis. Since the LDL cholesterol-lowering effect 

of statins is weak in this disease, and apheresis is a cumbersome treatment and not available at 

all centers, alternative novel pharmaceutical therapies are needed. Lomitapide is a newly intro-

duced drug, capable of effectively decreasing serum LDL cholesterol concentration in hoFH. 

It inhibits the microsomal triglyceride transfer protein (MTTP). By inhibiting in hepatocytes 

the transfer of triglycerides into very low density lipoprotein particles, the drug blocks their 

assembly and secretion into the circulating blood. Since the very low density lipoprotein particles 

are precursors of LDL particles in the circulation, the reduced secretion of the former results in 

lower plasma concentration of the latter. The greatest concern in lomitapide treatment has been 

the increase in liver fat, which can be, however, counteracted by strictly adhering to a low-fat 

diet. Lomitapide is a welcome addition to the meager selection of drugs currently available for 

the treatment of refractory hypercholesterolemia in hoFH patients.

Keywords: microsomal triglyceride transfer protein inhibitor, familial hypercholesterolemia, 

LDL-cholesterol, metabolism, lomitapide

Introduction
Familial hypercholesterolemia (FH) is an autosomal dominant disease caused by muta-

tions in the low-density lipoprotein (LDL)-receptor gene (LDLR). More than 1,200 

different mutations are known in the LDLR gene.1 Some mutations cause only partial 

loss of function (in LDLR defective patients), and some mutations lead to a total loss 

of function (in LDLR negative patients). Since hepatic LDL-receptors are the main 

regulators of the plasma LDL-cholesterol level, the genetic loss of their function causes 

lifelong elevation of plasma LDL-cholesterol level.2

In heterozygous FH (heFH), one parent of the affected child is an FH-heterozygote 

and usually the other parent is not. In such families, every child, regardless of sex, 
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is at risk of inheriting either a normal or mutated copy of the 

LDLR gene. Since one copy of the mutated gene is sufficient 

to cause the disease and the penetrance of the mutation is 

100%, in a family, one-half of the children – on average – have 

the disease. In small families, all, none, or any number of the 

children can be heFH patients. In a heFH patient, one-half of 

the hepatic LDL-receptor population is mutated, and another 

one-half functions normally.  Consequently, the plasma LDL-

cholesterol level is roughly twice the level in the normal 

population (or in the non-FH parent).

Both parents of a hoFH child are FH heterozygotes. In 

such families, on average, 25% of the children are homozy-

gotes, 50% heterozygotes, and 25% normal. The same vari-

ability in the actual numbers of these genotypes in a single 

family also applies here (as noted for a heFH family). The 

homozygotes have inherited a mutated LDLR gene from both 

parents, and therefore the LDL-receptor dependent hepatic 

clearance of circulating LDL particles is absent or near-

absent. Therefore, the hepatic regulation of LDL clearance 

must depend on other less efficacious mechanisms, with 

resulting extremely high plasma LDL-cholesterol levels, 

which can reach levels more than five-fold that observed in 

the unaffected population. Interestingly, this extreme form 

of hypercholesterolemia is expressed already in utero, as 

exemplified by the observed ten-fold increase in the level 

of plasma LDL-cholesterol in the hoFH fetus at week 20 of 

gestation.3

Prevalence of hoFH
The homozygous form of familial hypercholesterolemia 

(hoFH) is a very rare condition, and the estimate is about 

one birth out of 1 million births when the prevalence of 

heterozygous familial hypercholesterolemia (heFH) is 

assumed to be one case per 500 persons.4 New data show that 

this traditional estimate may be an underestimate and that 

heFH prevalence is rather in the order of 1:200–250.5 This 

means that the prevalence of hoFH could actually be about 

1:500,000 or even 1:400,000. There are some populations 

in which FH is exceptionally frequent because of a founder 

effect. To these populations belong South African Afrikan-

ers,6,7 Lebanese Christians,8,9 and French Canadians,10 in 

which the prevalence of hoFH is estimated to be one out of 

30,000, 100,000, and 275,000 births, respectively.

Phenotype and genotype of hoFH
In hoFH, serum low-density cholesterol (LDL) levels are 

usually more than 13 mmol/L (most commonly in the range 

of 15–30 mmol/L), and tendon and cutaneous xanthomata 

develop early (under 10 years of age).4,7,10–14 Mabuchi et al15 

have reported that patients with hoFH have serum LDL-

cholesterol levels about 2 times higher than those of their 

heterozygous parents. In the Lebanese study of an hoFH 

population (N=80), the LDL-cholesterol level was, on aver-

age, only 11.4 mmol/L.9

However, the majority of these Lebanese patients had 

been treated for years by LDL apheresis, rendering it likely 

that their LDL-cholesterol levels had been higher before 

the initiation of this mode of treatment. In the patients who 

received lipid-lowering therapy at the highest tolerated dose, 

the diagnostic level of LDL-cholesterol for hoFH is about 

7 mmol/L.14 Usually, diagnosis in hoFH can be rather easily 

confirmed clinically, ie, by searching for the presence of 

xanthomata and by establishing the mode of inheritance of 

the hypercholesterolemia. Genetic testing is of great help 

not only for diagnostic purposes, but also in terms of deter-

mining the severity of the disease. As expected, it has been 

shown that the patients with hoFH caused by LDLR defective 

mutations have better prognosis compared to those who have 

LDLR negative mutations.11 This underlines the importance 

of genetic testing of hoFH patients participating in clinical 

treatment trials.

Considering the huge number of LDLR mutations world-

wide, it is understandable that most patients with hoFH 

have two different LDLR mutations.16 Patients with identi-

cal mutations in both alleles are called true homozygotes, 

while those with different mutations are called compound 

heterozygotes. Double-negative true homozygosity is more 

severe than compound heterozygosity with one negative and 

one defective allele, which again is more severe than true 

double-defective homozygosity.

In addition to LDL-cholesterol, also lipoprotein (a) 

[Lp(a)] is elevated in hoFH. Kraft et al17 showed that patients 

with hoFH had almost two-fold higher Lp(a) levels than those 

with heFH. Interestingly, Lp(a) is an independent risk factor 

for coronary heart disease (CHD) in FH.18 Additionally, there 

are other genetic risk factors modifying the serum LDL-

cholesterol levels and response to therapy, and ultimately 

the development of CHD in hoFH.19

While mutations in the LDLR gene result in FH, a similar 

phenotype is sometimes caused by mutations in other genes, 

such as apolipoprotein-B gene (apoB),20 and proprotein con-

vertase subtilisin/kexin type 9 gene (PCSK9).21 Mutations in 

these three genes constitute the molecular spectrum of auto-

somal dominant hypercholesterolemia (ADH).21 Autosomal 

recessive hypercholesterolemia (ARH) results from a rare muta-

tion in the LDL-receptor adapter protein gene (LDLRAP1).22
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The extremely high cholesterol level in hoFH causes 

atherosclerotic changes already early in childhood and usu-

ally premature symptomatic CHD before the age of 20 years, 

often a combination of stenosis of the coronary ostia and of 

the aortic root in the supravalvular area.4,16 If untreated, death 

may occur in childhood. However, the rate of atherosclerosis 

progression in hoFH may vary from patient to patient.9 There 

are extreme cases of children with hoFH who suffered an 

acute myocardial infarction (AMI) already at a very young 

age. Thus, one report from Germany describes a child with 

hoFH who suffered an AMI at the age of 7 years, and another 

report describes an even younger child with hoFH who died 

because of an AMI at the age of 4 years.23,24 By aid of com-

puted tomographic coronary angiography, hoFH was found 

to affect especially the coronary ostiae,25 but such changes 

may be stress test negative. In addition to premature CHD, 

aortic (supravalvular) stenosis is critical for the prognosis 

of patients with hoFH, and therefore these patients must be 

followed up regularly by echocardiography.26

Established modes  
of treatment of hoFH
Statins
Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 

reductase inhibitor (statin) treatment is used for hoFH, either 

as monotherapy or as an adjuvant therapy to LDL apheresis. 

Early studies with lovastatin (originally called mevinolin) 

showed only little benefit in the treatment of hoFH.27,28 Later, 

when more effective statins became available, somewhat 

greater reductions in LDL-cholesterol concentrations have 

been achieved. Accordingly, such statins have been tested 

using the following regimens: simvastatin up to 160 mg/d in 

three divided doses;19 atorvastatin, 80 mg/d;29 and rosuvas-

tatin, 80 mg/d.30 The achieved decreases in LDL-cholesterol 

have been: 31% with simvastatin; 28% with atorvastatin; and 

26% with rosuvastatin.

Interestingly, when the daily dose of rosuvastatin was 

increased from 40–80 mg or that of atorvastatin from 

80–120 mg/d or to 160 mg/d, no additional benefit in terms 

of LDL-cholesterol decrease was observed. These results 

contrast with those observed in non-FH and heFH patients, 

in whom a dose-response is a rule. This difference can be 

explained by the total absence or near-absence of hepatic 

LDL-receptors in hoFH, ie, the inhibition of hepatic choles-

terol synthesis does not lead to any significant compensa-

tory increase in functional LDL-receptors on hepatocytes. 

Regarding safety issues in these high-dose statin trials, it 

is notable that no serious adverse events occurred during 

simvastatin or atorvastatin treatment, and only one serious 

adverse effect (epistaxis) was considered to be related to the 

high-dose rosuvastatin treatment.

Since among the receptor-negative hoFH patients no 

upregulation of LDL-receptors by statin is possible, other 

statin-dependent mechanisms, such as inhibition of choles-

terol synthesis, must be operative.19,31 In receptor-defective 

hoFH patients, the inhibition of cholesterol synthesis by a sta-

tin probably increases the residual activity of LDL-receptors, 

which together contributed to the somewhat greater, albeit 

minimal relative lowering of the LDL-cholesterol levels. 

Considering the limited LDL cholesterol-lowering efficiency 

of predominantly statin therapy in hoFH, it is surprising that 

this treatment appears to delay morbidity and increase lon-

gevity in patients with hoFH.32 Thus, the increasing longevity 

due to modern therapies makes it possible that a hoFH patient 

reaches childbearing age and becomes a parent.

Because hoFH is a life-threatening condition, statin therapy 

is started already very early in childhood by a pediatrician.16,33 

If the reduction of LDL-cholesterol level remains small, addi-

tional lipid lowering therapies should be added.

LDL apheresis
LDL apheresis has been the cornerstone of treatment in 

hoFH despite the fact that it only transiently reduces plasma 

LDL-cholesterol levels, the values returning to preapheresis 

levels relatively soon (in a few days) after apheresis.34 Its 

use is recommended by guidelines based on lowering of not 

only LDL-cholesterol but also of Lp(a).35–38 In general, LDL 

apheresis is recommended for hoFH children over 7 years of 

age and adults whose serum total cholesterol remains over 

9 mmol/L.39 Three recent follow-up studies in hoFH children 

support an early start of LDL apheresis to aggressively lower 

LDL-cholesterol levels.33,40,41 Importantly, this drastic lower-

ing LDL-cholesterol achieved by LDL apheresis increases 

longevity and decreases morbidity in hoFH.42 According to 

current understanding, statin therapy should be started even 

earlier than LDL apheresis in hoFH children.33

Liver transplantation
The first liver transplantation was performed over 30 years 

ago to “cure” an hoFH child.43 The serum LDL-cholesterol 

of this child decreased significantly because of the normally 

functioning LDL-receptors in the transplanted liver, but 

despite close-to-normal LDL-cholesterol levels, the child 

died because of an allograft rejection. Since that time, 

the prognosis of patients with liver transplantation has 

remarkably improved because of new immunosuppressive 
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medications, which help to prevent allograft rejection.44 The 

experience in implementing this extreme mode of treatment 

to cure the metabolic defect in an hoFH patient is based on 

only a few case reports.45–47

Inhibition of microsomal 
triglyceride transfer protein
Background
The microsomal triglyceride transfer protein (MTTP) is 

obligatory for the formation of very-low-density lipopro-

tein (VLDL) and chylomicron particles. VLDL is formed 

in hepatocytes and chylomicrons in enterocytes.48 MTTP 

is localized in the endoplasmic reticulum of these cells. In 

the rare autosomal recessive disorder abetalipoproteinemia, 

patients have inherited a mutated nonfunctional gene for 

MTTP from both parents, and, consequently, their hepa-

tocytes and enterocytes fail to produce apoB-containing 

lipoproteins, ie, VLDL and chylomicrons, respectively.49,50 

Patients with untreated abetalipoproteinemia suffer from 

gastrointestinal, neurological, ophthalmological, and hema-

tological abnormalities. The phenotype is caused by the 

decreased absorption of dietary fats and fat-soluble vitamins. 

Heterozygous patients for the mutation in the MTTP gene 

(the parents of a patient with abetalipoproteinemia) do not 

show signs or symptoms of the condition. They have normal 

levels of apoB-containing lipoproteins and even a prolonged 

life expectancy.51

Preclinical studies on MTTP inhibition
The discovery of a mutation in the MTTP gene causing abeta-

lipoproteinemia was essential for the initiation and ensuing 

development of drugs to inhibit MTTP.52–55 In 1998, an MTTP 

inhibitor (compound 9) was tested in homozygous Watanabe-

heritable hyperlipidemic (WHHL) rabbits,56 an animal model 

of human hoFH,57 and was shown to normalize plasma lipo-

protein levels without alterations in liver transaminase levels. 

Some years later, WHHL rabbits were treated by the MTTP 

inhibitor for 4 weeks, using doses that ranged from 3–12 mg/

kg.58 The study showed that treatment with such an inhibitor 

decreases plasma cholesterol and triglyceride concentrations, 

while in the liver the triglyceride content increased and the 

vitamin E content decreased.

Clinical trial in patients with moderate 
hypercholesterolemia
Lomitapide (AEGR-733 and BMS-201038, Aegerion 

 Pharmaceuticals, Inc., Cambridge, MA, USA) is the 

first MTTP inhibitor developed beyond Phase II. It is 

taken orally and has been tested in a placebo-controlled 

12-week Phase II study among 84 patients with moder-

ate hypercholesterolemia.59 Monotherapy with 5 mg/d, 

7.7 mg/d, and 10 mg/d of lomitapide led to dose-dependent 

decreases in serum LDL-cholesterol by 19%, 26%, and 30%, 

respectively. Combination therapy with ezetimibe further 

increased the responses. The efficacy of combining ezetimibe 

in the regimen is based on the ability of ezetimibe to inhibit 

the Niemann-Pick C1-like 1 (NPC1L1) lipid transporter, 

which mediates cholesterol uptake from the intestine. It also 

facilitates reuptake of cholesterol from biliary canaliculi and 

so augments cholesterol accumulation in hepatocytes.60 Thus, 

ezetimibe has the potential to inhibit this reuptake process, 

and at least, in theory, to inhibit cholesterol accumulation 

in the liver.

Nine out of 28 patients in the lomitapide monotherapy 

group and four out of 28 patients in the lomitapide–ezetimibe 

combination therapy group discontinued the trial because 

of adverse effects, mainly elevated liver enzyme levels and 

gastrointestinal symptoms. Liver transaminase elevations 

were reversible, and none of the patients had elevations in 

bilirubin levels. Lomitapide caused up to a 9% decrease of 

high-density lipoprotein (HDL) cholesterol from the baseline. 

This may have been due to reduced fat intake during the 

trial. The authors suggested that lomitapide had reduced 

apolipoprotein A-1 (apoA-1) secretion from the liver and 

intestine, or both. It is also known that patients with abeta-

lipoproteinemia have an increased apoA-1 catabolism.61 In 

this trial, serum triglycerides remained unchanged, possibly 

because of the low dose of lomitapide chosen to minimize 

intestinal and liver fat accumulation. In addition, the diet 

contained less than 20% fat, which probably explains why 

gastrointestinal adverse effects were quite rare.

Clinical trials in patients with hoFH
The favorable results in WHHL rabbits and the known dev-

astating prognosis of untreated hoFH, together encouraged 

clinical scientists to carry out lomitapide studies in patients 

with hoFH. The benefit–risk ratio of MTTP inhibition was 

assumed to be in these high-risk patients more favorable than 

in any other group of hypercholesterolemic patients.62

The first human study with lomitapide was an open-label 

dose-escalation trial (Table 1) carried out in six patients 

(three men and three women) with hoFH.63 Genetic analysis 

confirmed that five of the patients had a receptor-negative 

form of hoFH, and one was receptor-defective. The patients 

were advised to consume a diet containing less than 10% of 

energy from total dietary fat. For the evaluation of hepatic fat 
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content, MRI of the liver was carried out at baseline, 4 weeks 

after each dose increment and 4 weeks after drug withdrawal. 

A kinetic study of apoB-containing lipoproteins was carried 

out in three patients.

The patients received lomitapide at four different doses 

for 4 weeks, the mean doses administered being 2.0, 6.7, 

20.1, and 67.0 mg/d, corresponding to 0.03, 0.1, 0.3, and 

1.0 mg per kg body weight per day. At the highest dose 

used, significant decreases were observed in serum LDL 

cholesterol, apoB, and triglycerides (51%, 56%, and 65%, 

respectively; P,0.001 for all). In contrast, the concentra-

tions of serum HDL cholesterol, apoA-I or Lp(a) did not 

change. The lack of lowering of Lp(a) despite LDL choles-

terol reduction is unknown. Kinetic studies indicated that 

treatment for 4 weeks with the highest dose of lomitapide 

had decreased the rate of production LDL apoB by about 

70% from the baseline.

Five of six study participants reported gastrointestinal 

adverse effects. By the end of the 4-week period with the larg-

est lomitapide dose, a trend toward decrease in body weight 

was observed. Increases in liver transaminases occurred in 

four of the six patients, and the changes were dose-dependent 

in some patients. Most importantly, liver fat was increased 

substantially in four of the six patients. Two patients did not 

have elevations of transaminases and their hepatic fat content 

increased less than 10%. Both transaminase levels and liver 

fat content returned to baseline levels within 4 weeks after 

cessation of the treatment in all but one patient in whom it 

took 14 weeks.

Also, 29 men and women with hoFH, aged 18–55 years, 

participated in a multicenter trial carried out in the USA, 

Canada, South Africa, and Italy (Table 1).64 The diagnosis of 

hoFH was based either on clinical criteria or genetic analysis. 

The patients were treated with increasing doses (5–60 mg/d) 

of lomitapide, the maximum dose depending on tolerability. 

The average daily dose achieved with lomitapide was 40 mg. 

Also, 23 out of 29 patients completed the whole study includ-

ing both the efficacy phase (until week 26) and safety phase 

(until week 78). The primary end point was the change of 

serum LDL-cholesterol from baseline at the end of 26 weeks. 

Serum LDL-cholesterol was reduced by 50% (P,0.0001) 

from baseline at 26 weeks. The reduction in LDL attributable 

to the drug was similar, whether or not they were on aphere-

sis. At the end of week 78, the mean concentration of serum 

LDL-cholesterol was 38% lower than at baseline (P,0.0001). 

These changes may have been influenced by reductions in the 

daily dose of lomitapide, which was necessary because of the 

elevated levels of transaminases in some patients.T
ab
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Gastrointestinal symptoms were the most frequent 

adverse effects in both hoFH trials. In the long-term study, 

adverse gastrointestinal effects were very frequent (93%) 

and resulted in discontinuation of three patients. In addi-

tion, four patients had serum transaminase levels over five 

times the upper limit of normal, but these changes were 

reversible after decreasing lomitapide dose or discontinu-

ing this medication temporarily. No bilirubin increases 

were observed. There was a mean increase during the first 

26 weeks in the liver fat content from 1%–9%, which did 

not progress further after this. Liver fat accumulation is 

regarded as the greatest safety concern during lomitapide 

treatment.65

Summary and future prospects
The original finding essential for the development of the 

MTTP inhibitors and, ultimately, lomitapide occurred 

already in 1993 when the genetic defect behind human 

abetalipoproteinemia was discovered.66 The homozygous 

WHHL-rabbit, the animal model for hoFH, offered a unique 

possibility to test different MTTP inhibitor molecules,56 

which then led to the development of lomitapide. Lomitapide 

has been shown to be useful as a monotherapy in hoFH 

patients, and, as clearly observed in recent studies also a 

valuable add-on therapy to LDL apheresis.63,64,67

Since it is unethical to carry out placebo-controlled 

studies in hoFH because of the extreme severity of this 

disease, possible effects on cardiovascular prognosis must 

be evaluated on the basis of retrospective studies of LDL-

cholesterol lowering by drugs alone or in combination with 

LDL apheresis.32,40,41,68

The increase in liver fat during lomitapide treatment 

can be explained, in theory, either as a metabolic effect of 

lomitapide, or it could represent an off-target effect leading 

to hepatotoxicity.65,69 Moreover, it is conceivable that genetic 

variation in the molecular mechanisms causing increased 

liver fat content may partly explain the interindividual varia-

tion in the rate of liver fat accumulation. The Juxtapid Risk 

Evaluation Program emphasizes careful initial monitoring 

of alkaline phosphatase, bilirubin, alanine aminotransferase 

and aspartate aminotransferase, followed by regular monitor-

ing of the two transaminase levels.70,71 Moreover, if magnetic 

resonance spectroscopy is available in a medical unit taking 

care of an hoFH patient, the degree of liver fat accumulation 

should be monitored.

Besides lomitapide, another drug preventing the produc-

tion of apoB-containing lipoproteins by the liver has been 

developed. Mipomersen, this new drug for the treatment of 

hoFH, is now available in the USA and has been studied in 

hoFH patients.13 It is an injectable antisense oligonucleotide 

capable of binding apoB messenger RNA and so preventing 

apoB production.72 In hoFH patients with the defective LDLR 

mutation, PCSK9 inhibitors capable of upregulating the 

residual activity of the LDL receptor is also an option.73

In summary, the role of lomitapide in the treatment 

of hoFH has great potential as an add-on therapy to LDL 

apheresis, statin treatment, and ezetimibe treatment. 

Clearly, longer-term follow-up studies are still needed. 

At this time, lomitapide provides us a novel tool in our 

attempts to decrease mortality and morbidity among the 

patients with the most severe form of genetic hypercho-

lesterolemia, those with hoFH.
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