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Familial hypercholesterolemia (FH) is a genetic disorder resulting from mutations in genes encoding
proteins involved in the metabolism of low density lipoproteins (LDL) and characterized by premature
cardiovascular disease due to the exposure to high levels of LDL-cholesterol (LDL-C) from birth. Thus, the
early identiﬁcation of FH subjects, followed by appropriate treatment is essential to prevent or at least
delay the onset of cardiovascular events. However, FH is largely underdiagnosed; in addition, FH patients
are frequently not adequately treated, despite the availability of several pharmacological therapies to
signiﬁcantly reduce LDL-C levels. Current guidelines recommend LDL-C targets for FH (either heterozygotes [HeFH] or homozygotes [HoFH]) <100 mg/dL (<2.6 mmol/L) for adults or <70 mg/dL (<1.8 mmol/
L) for adults with CHD or diabetes, and <135 mg/dL (<3.5 mmol/L) for children. With the pharmacological
options now available, which include statins as a ﬁrst approach, ezetimibe, and the recently approved
monoclonal antibodies targeting PCSK9, the guideline recommended LDL-C target levels can be achieved
in the majority of heterozygous FH subjects, while for the most severe forms of homozygous FH, the
addition of therapies such as lomitapide either with or without apheresis may be required.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Familial hypercholesterolemia (FH) is a genetic disorder characterized by very high levels of circulating low density lipoprotein
cholesterol (LDL-C) from birth. This does result in the fast development of atherosclerosis with detrimental outcomes such as
myocardial infarction and death occurring early in life in patients
with FH, especially in those who are not or inadequately treated
[1e4]. Despite several effective cholesterol-lowering drugs now
being available, a main gap in the management of this disease is the
lack of early detection and appropriate pharmacological intervention of FH subjects. In fact, the most severe forms, such as homozygous FH, generally exhibit unambiguous physical signs from the
childhood; in contrast, less severe forms of FH may remain hidden
until the occurrence of the ﬁrst cardiovascular event. Thus, the early
identiﬁcation of these subjects is crucial to reduce the burden of

cholesterol exposure and the incidence of cardiovascular events.
Genetic defects in several genes involved in LDL metabolism
may cause FH; mutations in the LDLR gene, encoding for the LDL
receptor (LDLR) are the most common cause of FH, but mutations in
the APOB gene and gain-of-function (GOF) mutations in the PCSK9
gene can also result in the FH phenotype [5e7]. A rare recessive
form of hypercholesterolemia (autosomal recessive hypercholesterolemia, ARH) is caused by the loss-of-function mutations in the
LDLRAP1 gene (encoding for a protein that promotes the internalization of LDLR/LDL complex) [8,9]. However, among subjects with
a clinical diagnosis of FH, only 40e80%, depending on the criteria
used, exhibit a mutation in one of the classical genes causative of
FH, which suggests that a relatively high proportion of “mutationnegative” FH patients are likely to have a polygenic cause underlying their marked hypercholesterolemia [10,11].
The heterozygous form of FH (HeFH) has a prevalence of ~1/500
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I; C

FH is recommended to be suspected in:
patients with early CHD (<55 y men; <60 women)
subjects with relatives with premature CVD
subjects with relatives with xanthomas
subjects with very high LDL-C (adults: >190 mg/dL; children >150 mg/dL)
Diagnosis of FH is recommended to be conﬁrmed with clinical criteria and genetic testing
Family cascade screening of an FH index case is recommended
FH patients are recommended to be treated with high-dose statin, with or without ezetimibe
LDL-C targets should be < 100 mg/dL or 70 mg/dL in presence of CVD; or alternatively, the maximal reduction with combination therapies
PCSK9 inhibitors should be used in FH patients at very high risk, such as those with CVD or having additional cardiovascular risk factors
Testing in children is recommended from age 5 y (or earlier if suspected of HoFH)
Children should be educated to a healthy lifestyle and treated with statin from 8 to 10 y; LDL-C target should be < 135 mg/dL

to 1/200 in the general population and is characterized by a 2e3
fold increase of LDL-C levels and the occurrence of coronary heart
disease (CHD) before age 55 (60 for women) [1,2,12]; the homozygous form (HoFH) is rarer, with a prevalence of ~1/160,000e1/
300,000, and HoFH patients are generally characterized by an even
more severe LDL-C level phenotype. This greater cholesterol burden
does result in the onset of extremely premature cardiovascular
disease, with HoFH patients who suffer from a myocardial infarction well before their 10th year of age [2], particularly in HoFH
patients who carry two receptor-negative mutations [2,5]. Subjects
carrying mutations in APOB or PCSK9 genes generally exhibit a
milder phenotype [6,13].
The diagnosis of FH can be based either on clinical criteria or
genetic testing; the last provides a deﬁnitive diagnosis of FH, but
there are some patients with clinical diagnosis of FH in whom no
mutation can be identiﬁed in the genes classically associated to this
condition, suggesting the involvement of unknown genes or a
polygenic cause. However, a positive genetic test allows one to
discriminate a FH subject from a “normal” hypercholesterolemic
individual on the one hand [14], and on the other aids in the
identiﬁcation of FH among relatives. Due to the high number of
possible mutations causing FH and due to the possible involvement
of additional genes, the phenotype of FH is highly variable, and
subjects carrying the same mutation may exhibit profoundly
different lipid and clinical proﬁles as well as different responses to
the same pharmacological treatment; in addition, subjects with
HoFH may present LDL-C levels well below those expected for this
condition and thus may not be recognized.

I; C
I; C
I; C
IIa; C
IIa; C
I; C
IIa; C

Class of recommendation and level of evidence
Recommendations
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2. Guidelines for the management of familial
hypercholesterolemia
CHD: coronary heart disease; CVD: cardiovascular disease.
Class of recommendations: I: is recommended/indicated; IIa: should be considered.
Level of evidence C: consensus of opinion of the experts and/or small studies, retrospective studies, registries.

Table 1
Summary of the guidelines in adults and children with HeFH [15].
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Based on a prevalence of 1/200-1/500, it can be estimated that
there are between 14 and 34 million individuals having FH
worldwide, but in most countries less than 1% are diagnosed (with
some exceptions) [1]. Another major key point is that subjects with
FH have an at least 10-fold increase risk of CHD, which may manifest early in life, and the risk remains high even among patients
treated with statins, which suggests that they are treated with
therapies that are inadequate (low dose, late in life) to achieve the
LDL-C levels recommended for their category of cardiovascular risk
[1].
To reduce the cumulative burden of elevated LDL-C levels and
prevent or delay the onset of cardiovascular events, most guidelines
recommend LDL-C targets for FH (either HeFH or HoFH) of
<100 mg/dL (<2.6 mmol/L) for adults, or <70 mg/dL (<1.8 mmol/L)
for adults with CHD or diabetes, and <135 mg/dL (<3.5 mmol/L) for
children [1,15]. A summary of the recommendations in adults and
children with FH is presented in Table 1. The most effective
approach to identify new cases of FH is cascade screening of family
members of a known FH subject, with a simple evaluation of LDL-C
levels. Of particular importance is the early diagnosis and management of FH in children, especially in those with the homozygous
form of the disease, who may present signs of cardiovascular disease very early in the life if untreated [16e19] (Table 1). A selective
screening of children with family history of premature cardiovascular disease and/or high LDL-C levels is recommended; a universal
screening of children for hypercholesterolemia might be also
considered, for example taking advantage of visits for immunization, followed by the screening of the parents of children with total
cholesterol >230 mg/dL (>6 mmol/L) [1].
In clinical practice, FH is commonly diagnosed using criteria
based on familial or personal history of premature cardiovascular
disease, clinical signs (tendon xanthoma, corneal arcus) and high
LDL-C levels, with or without genetic testing; the pharmacological
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approach is mainly driven by the LDL-C levels, and should start as
early as possible [1,2]. Lifestyle interventions (low fat diet, physical
activity and smoking cessation) are strongly recommended, in
conjunction with cholesterol-lowering therapy, which should be
started immediately at diagnosis (for children, it should be
considered at 8e10 years of age) [1,2,15]. The ﬁrst pharmacological
approach usually involves statins (for children, only statins with
safety proﬁle for this group should be used), to which ezetimibe can
be added if statin alone is insufﬁcient to reduce LDL-C levels to the
guideline recommended target. Monoclonal antibodies targeting
PCSK9 have been approved for the treatment of FH as add-on to
conventional lipid-lowering therapies [15]. The ESC/EAS Task Force
recently updated the recommendations for the use of PCSK9 inhibitors in clinical practice and advises that a PCSK9 inhibitor may
be considered in HeFH without clinically diagnosed cardiovascular
disease, at high or very high CV risk, and with elevated LDL-C levels
(>180 mg/dL) despite the maximal dose of statin þ ezetimibe [20].
Estimates of the absolute CV risk of FH patients are based both
on clinical trials and registries (such as the SAFEHEART registry in
Spain), which indicate that, in subjects treated with the maximal
tolerated dose of statin plus ezetimibe, the annual CV event rates
are estimated at 1%, which, however, increases in the presence of
additional risk factors [21]; thus, the LDL-C threshold for this decision may be lower (>140 mg/dL) if the subject has additional
indices of risk severity (including diabetes, elevated Lp(a) levels,
premature cardiovascular disease in ﬁrst-degree relative, smoking,
imaging indicators) [20]. A relevant point is to monitor the LDL-C
response to the therapy, allowing possible adjustment of the drug
dose [20].
For HoFH subjects, lomitapide and mipomersen can also be
considered on top of maximal lipid-lowering therapy taking
advantage of distinct mechanisms of action. Lipoprotein apheresis
represents, when available, an adjunctive effective tool [2,15].
Finally, for the most severe cases of HoFH, liver transplantation can
be considered, being a method that corrects permanently the molecular defect underlying the disease in the main organ involved in
LDL clearance [2].
It is of special relevance the early identiﬁcation of HoFH individuals, since the burden of very high LDL-C levels from birth may
lead to the manifestation of cardiovascular disease very early in life.
In fact, the cumulative LDL-C burden sufﬁcient to cause CHD is
reached in non-FH individuals later in life (55 y) compared with FH
individuals, being HoFH those most exposed and may reach this LDLC burden at age 12.51. In clinically diagnosed HoFH subjects, the ﬁrst
cardiovascular event usually occurs during adolescence, but manifestations have been reported also in early childhood [2]. HoFH is
characterized by accelerated atherosclerosis, with cholesterol and
calcium deposits, ﬁbrosis and inﬂammation in the aortic root and
aortic valve cusps [2]; it is worth noting that the valvular and supravalvular aortic disease may continue to progress even when
cholesterol levels are reduced [2]. For these reasons, the Consensus
Panel of the European Atherosclerosis Society recommends that
HoFH undergo regular screening for subclinical aortic and coronary
heart disease [2]. Lipid-lowering therapies should be started as early
as possible, considering that HoFH exhibit genetic and phenotypic
heterogeneity which may translate into a high variable response to
the available lipid-lowering approaches. A recent retrospective survey of lipid levels and clinical outcomes of HoFH treated with lipidlowering therapies between 1990 and 2014 showed that the extent
of reduction of cholesterol levels obtained during treatment is the
major determinant of survival in these patients [22]; this observation
suggests that when the approach with the combination high-dose
statin plus ezetimibe fails to reduce LDL-C levels to the recommended levels, additional therapy must be added to the current
lipid-lowering approach to further reduce LDL-C levels.
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3. Current therapies for FH patients
3.1. Statins
Statin therapy represents the ﬁrst pharmacological approach for
the management of hypercholesterolemia in FH patients, and current guidelines recommend that adults are treated with the
maximal tolerated dose of a high potency statin [1]. In most cases,
however, statin monotherapy is insufﬁcient to achieve the recommended LDL-C levels.
Given the mechanism of action of statins, which exert their
lipid-lowering effect partly by increasing the hepatic expression of
LDLR, it is expected that homozygous FH subjects carrying null
mutations on LDLR gene would not respond. However, these patients are responsive to statins, although to a lesser extent
compared with other FH patients [23e26], since statins may act via
alternative mechanisms of action, such as the reduction of VLDL
(and thus LDL) synthesis [25]. The LDL-C reduction observed in
these patients is lower than that observed in non-FH patients (~20%
vs. 40e60%).
Guidelines suggest that children with FH should also be treated
with statins from the age of 8e10 years, starting with low doses and
escalating the dose in order to reach the recommended LDL-C levels
[15]. A main concern relates to the safety of statin treatment in
children with FH. However a meta-analysis of 6 studies including
798 children showed that statins signiﬁcantly reduced LDL-C
(weighted mean difference: 30%), total cholesterol (23%) and
apoB (25%) and no statistically signiﬁcant differences were
observed between statin- and placebo-treated children regarding
adverse events, sexual development, muscle toxicity or liver
toxicity [27]. The efﬁcacy of rosuvastatin, which was not included in
the described meta-analysis, has been evaluated in HeFH children
and adolescents, resulting in a 35e45% reduction of LDL-C levels, a
signiﬁcantly lower progression of carotid intima-media thickening
and no adverse effects on growth or sexual maturation after 2 years
of treatment [28,29]. Rosuvastatin reduced LDL-C levels also in
children and adolescents with HoFH (mean reduction 22.3%); those
having a residual LDLR activity had the highest reduction (23.5%),
but those carrying two LDLR null mutations also responded (14%
reduction) [30]. Similarly, pitavastatin dose-dependently reduced
LDL-C levels in children aged 6e17 years, with a safety proﬁle
similar to the placebo group [31,32]. It is worth noting that, in a
retrospective study conducted in patients with HeFH, the use of a
moderate-to high-intensity statin therapy reduced the risk of coronary artery disease and mortality by 44% [33]; however, prospective trials on cardiovascular outcomes in FH treated with
statins are still lacking.
Despite statins reduce LDL-C levels in FH subjects, a small proportion of FH patients achieve the recommended LDL-C level targets with statin monotherapy, and thus they remain with a high
residual cardiovascular risk, as recently reported in a cohort of
consecutive HeFH patients treated with maximal tolerated lipidlowering therapy, mainly statins, with a median years of statin
use and follow-up of 9.5 years [34]. These patients exhibited LDL-C
levels well above those recommended by current guidelines, and,
additionally, have increased levels of Lp(a) which are not affected
by statins and may contribute to the residual risk observed [35,36].
These observations suggest the need of a pharmacological
approach which combines drugs able to reduce LDL-C levels by
different mechanisms of action [1,37].
3.2. Ezetimibe
Ezetimibe inhibits the intestinal uptake of dietary and biliary
cholesterol by inhibiting the Niemann-Pick C1 like 1 (NPC1L1)
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transporter, which leads to a reduced delivery of cholesterol to the
liver, which in turn upregulates LDLR expression and results in the
reduction of LDL-C levels. The landmark trial on ezetimibe was the
IMPROVE-IT, which compared the effect of ezetimibe added to
simvastatin to simvastatin alone in patients with a recent acute
coronary syndrome and reported a signiﬁcant reduction of LDL-C
levels and cardiovascular event rate in patients treated with the
combination therapy [38]. To date, it is unclear whether the combination statin/ezetimibe may have an impact also on intimamedia thickness progression [39e41], but the PRECISE-IVUS trial,
performed in patients with coronary artery disease and assessing
the effect of ezetimibe in combination with atorvastatin versus
atorvastatin monotherapy, reported a greater coronary plaque
regression in subjects treated with the combination therapy [42].
These data support the recommendation of giving ezetimibe in
combination with a statin in FH patients, resulting in an additional
reduction (10e15%) of LDL-C levels [39,43,44], and indicate ezetimibe as the ﬁrst non-statin lipid lowering drug, without any safety
concerns. It is worth noting that the combination
ezetimibe þ statin is effective also in adolescents with HeFH, who
showed a greater LDL-C level reduction compared with the treatment with simvastatin alone (at week 33: 54.0% vs 38.1%,
p < 0.01) [45]. Both treatments were well tolerated and there were
no clinically relevant signs of growth, sexual maturation or steroid
hormones perturbation [45].
3.3. PCSK9 inhibitors
PCSK9 is a protein mainly expressed in the liver and plays a
relevant role in the expression of LDLR; in fact, it binds LDLR
expressed on the surface of hepatocytes and targets it for degradation. As a consequence, high levels of PCSK9 are associated with
hypercholesterolemia, and gain-of-function (GOF) mutations in the
PCSK9 gene are a cause of familial hypercholesterolemia [46] and
increased cardiovascular risk [47]. On the contrary, loss-of-function
(LOF) mutations are associated with reduced LDL-C plasma levels
and lower risk of coronary heart disease [48,49], indicating PCSK9
as a possible pharmacological target for the treatment of hypercholesterolemia. Several PCSK9 inhibitors have been developed;
such inhibitors are either monoclonal antibodies (evolocumab and
alirocumab) which, by binding to circulating PCSK9, prevent its
interaction with surface LDLR, or a siRNA molecule (inclisiran)
which inhibits the intracellular synthesis of PCSK9. Monoclonal
antibodies have been tested in a high variety of hypercholesterolemic populations, including subjects with FH (Table 2).
The evolocumab clinical trial program named PROFICIO (Program to Reduce LDL-C and Cardiovascular Outcomes Following
Inhibition of PCSK9 in different Populations) included phase 3 trials

to evaluate evolocumab in subjects with FH [50]. The
RUTHERFORD-2 (Reduction of LDL-C With PCSK9 Inhibition in
Heterozygous Familial Hypercholesterolemia Disorder Study-2,
NCT01763918) trial was performed in HeFH patients on stable
lipid lowering therapy and a fasting LDL-C 100 mg/dL
(2.6 mmol/L) randomized to evolocumab or placebo. At week 12,
LDL-C levels were reduced by ~60% compared with placebo and
were independent of the underlying type of mutation (LDLR
negative or defective) [51]. The TESLA (Trial Evaluating PCSK9
antibody in Subjects With LDL Receptor Abnormalities,
NCT01588496) part A study, performed in HoFH patients, showed
reductions of 16.5% and 13.9% with evolocumab 420 mg Q4W and
Q2W, respectively [52]. However, while subjects carrying defective
LDLR mutations had a signiﬁcant decrease of LDL-C (22.9%
and 23.6%), apoB (18.3% and 17.9%) and Lp(a) (10.0%
and 18.7%) in both dosing regimens, the two patients carrying
negative LDLR mutations exhibited only reductions in Lp(a) levels,
but not apoB or LDL-C [52]. It should be acknowledged, however,
that the responses in these two patients differed, which suggests
that other factors are determinants of the grade of response [52].
This ﬁnding was conﬁrmed in the TESLA part B study [53], in which
HoFH patients treated with evolocumab for 12 weeks had LDL-C
levels reduced by 30.9% [53]; when analyzed according to the
LDLR function, patients with a receptor defective mutation in one
or both alleles were the most responsive to the therapy with evolocumab, while those carrying at least one receptor negative mutation had a lower reduction (40.8% vs 24.5%), and the only
patient carrying LDLR-negative mutations in both alleles, as well as
the patient with autosomal recessive hypercholesterolemia did not
respond to the therapy [53]. Even more interestingly, patients
carrying the same mutations in homozygosity exhibited a heterogeneous response to the therapy (7.1% up to 56%), which, again,
shows that the response to the medication is not uniform and that
additional factors are explaining the observed effect [53]. This
ﬁnding has been recently addressed in an analysis of 22 HoFH patients from the ongoing TAUSSIG study (Trial Assessing Long Term
Use of PCSK9 Inhibition in Subjects with Genetic LDL Disorders,
NCT01624142) [54]. Lymphocytes isolated from subjects carrying
the same mutations exhibit a variable expression of LDLR on their
surface, which in turn negatively correlated with the levels of
circulating LDL-C both pre- and post-treatment, suggesting that
residual LDLR amount and function are the main determinants of
LDL clearance in HoFH [54]. No anti-antibodies were observed in
these subjects, thus it can be excluded a reduction of evolocumab
activity due to neutralization, but rather indicates that other
modiﬁcations in genes involved in LDL metabolism may play a role
[54]. Another interesting observation is the lack of correlation between LDL-C and Lp(a) levels, which suggests that the residual

Table 2
Effects of PCSK9 inhibitors evolocumab and alirocumab in FH.
Clinical trial

Subjects

LDL-C (% treatment difference)

Lp(a) (% treatment difference)

EVOLOCUMAB
RUTHERFORD-2 [51]

HeFH (12 weeks)

TESLA part A [52]

HoFH (36 weeks)

TESLA part B [53]
TAUSSIG
ALIROCUMAB
ODYSSEY FH I and FH II [57]

HoFH (12 weeks)
Severe FH (5 years)

140 mg Q2W: 59.2% (p<0.0001)
420 mg Q4W: 61.3% (p<0.0001)
Q4W: 16.5%*
Q2W: 13.9%*
30.9% (p<0.0001)
ONGOING

140 mg Q2W: 31.6% (p<0.0001)
420 mg Q4W: 28.2% (p<0.0001)
Q4W: 11.7%*
Q2W: 18.6%*
11.8% (p¼0.09)

ODYSSEY HIGH FH [58]
ODYSSEY LONG TERM [60]
ODYSSEY OLE

HeFH (78 weeks)
HeFH (78 weeks)
HeFH (176 weeks)

FH I: 57.9% (p<0.0001)
FH II: 51.4% (p<0.0001)
39.1% at week 24 (p<0.0001)
61.9% at week 24 (p<0.001)
ONGOING

FH I: 17.7% (p<0.0001)
FH II: 20.3% (p<0.0001)
14.8% (p¼0.0164)
25.6% (p<0.001)

HeFH (78 weeks)

Q2W: every 2 weeks; Q4W: every 4 weeks; *: % change from baseline.
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LDLR activity is not a signiﬁcant determinant for Lp(a) clearance in
HoFH, as observed in a previous study [52,54].
The TAUSSIG study is an open-label study evaluating the longterm (5 years) efﬁcacy and safety of evolocumab in HoFH patients
with LDL-C levels not controlled by current lipid-lowering therapy
(statin alone or in combination with ezetimibe). An interim analysis
showed that evolocumab produced a stable long-term reduction of
LDL-C levels [55]; after a 1.7 years mean exposure to evolocumab, a
2.14%/year cardiovascular event rate was observed, which is lower
than expected based on the anticipated risk in these patients. This
may reﬂect the beneﬁt of aggressive lipid-lowering effects with
high-dose statin, ezetimibe, and PCSK9-inhibitor therapy in these
patients at very high risk for cardiovascular disease [56].
Similarly to evolocumab, the ODYSSEY clinical trial program for
alirocumab included some studies conducted speciﬁcally in FH
patients. In the ODYSSEY FH I and FH II (Study of Alirocumab
(REGN727/SAR236553) in Patients With HeFH Who Are Not
Adequately Controlled With Their Lipid-Modifying Therapy,
NCT01623115 and NCT01709500) randomized, double-blind
studies where HeFH patients with inadequate LDL-C control
despite maximally tolerated lipid-lowering therapy were enrolled,
the effect of alirocumab was evaluated at 78 weeks [57]. LDL-C
levels were signiﬁcantly reduced at week 24 (FH I: 57.9% vs. placebo, FH II: 51.4% vs placebo), and these reductions were maintained up to week 78; a high percentage of patients achieved LDL-C
<70 mg/dL (<1.8 mmol/L) (59.8% in FH I and 68.2% in FH II, vs. 0.8%
and 1.2%, respectively, with placebo) [57]. Alirocumab also reduced
apoB, non-HDL-C and Lp(a) [57]. The ODYSSEY HIGH FH (Efﬁcacy
and Safety of Alirocumab (SAR236553/REGN727) Versus Placebo on
Top of Lipid-Modifying Therapy in Patients With Heterozygous
Familial Hypercholesterolemia, NCT01617655) enrolled HeFH patients with LDL-C 160 mg/dL who received alirocumab or placebo
for 78 weeks; a 39.1% reduction was observed at week 24 and
maintained up to week 78, with a good tolerance and adverse
events comparable between groups [58]. In the alirocumab group,
41% of patients reached LDL-C <70 mg/dL (for very high risk) or
<100 mg/dL (for high risk patients) [58]. HeFH patients undergoing
regular lipoprotein apheresis showed reduction of their LDL-C
levels when treated with alirocumab, leading to apheresis discontinuation (63.4% of patients) or reduction (92.7%) [59]. Among the
high CV risk patients enrolled in the ODYSSEY LONG TERM study
(Safety and Tolerability of Alirocumab (SAR236553/REGN727)
Versus Placebo on Top of Lipid-Modifying Therapy in High Cardiovascular
Risk
Patients
With
Hypercholesterolemia,
NCT01507831), HeFH and non-HeFH patients treated with alirocumab showed similar LDL-C level reductions (mean difference vs.
placebo: 63.2% and 61.5%, respectively); in a post hoc analysis there
was evidence of reduced cardiovascular events with alirocumab in
the whole study population (1.7% vs. 3.3%, HR 0.52, nominal
p¼0.02)60. The ongoing ODYSSEY OLE (Open Label Study of Long
Term Safety Evaluation of Alirocumab, NCT01954394) is evaluating
the long-term safety of alirocumab up to 176 weeks in HeFH patients. Two recent analyses of the effect of alirocumab based on the
type of mutation causing HeFH showed that the response to alirocumab was independent of the mutation status [61], and that in
subjects thought to have HeFH but found to have two mutations in
either the LDLR (homozygous or compound heterozygous LDLR
mutations provided at least one mutation was defective) or mutations in LDLR plus a mutation in either apoB or PCSK9 (double
heterozygous FH), and thus having a residual LDLR function, alirocumab treatment provides substantial reductions in LDL-C levels
[62].
Altogether, these data suggest that FH patients, in particular
HeFH, may beneﬁt most from additional LDL-C-lowering by means
of anti-PCSK9 inhibitor therapy, as it may induce an additional ~60%
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LDL-C reduction in HeFH patients who are already treated with the
maximal tolerated lipid-lowering therapy. This translates into over
80% of these patients being able to achieve recommended LDL-C
targets [51,57]. Although it is still unclear whether reducing Lp(a)
levels may translate into a cardiovascular beneﬁt, the treatment
with antibodies targeting PCSK9 is also effective in reducing this
atherogenic lipoprotein whose levels are commonly increased in
these high risk patients [63].
3.4. Mipomersen
Mipomersen is a second-generation antisense oligonucleotide
which binds the coding region of human apoB mRNA and triggers
its degradation, which results in the reduction of all atherogenic
apoB-containing lipoproteins (LDL, but also VLDL and Lp (a)). The
reduction of LDL-C levels mediated by mipomersen is independent
of LDLR expression [64]. Mipomersen is not metabolized by the
cytochrome system and is not considered an inhibitor of major CYP
isoenzymes, thus no clinically relevant interactions between
mipomersen and statins or ezetimibe are expected [65].
Due to its mechanism of action being independent of LDLR
expression, it has been developed as adjunct treatment for patients
with FH, particularly for those with HoFH (Table 3). A phase 3 study
showed that mipomersen was effective in HoFH on low-fat diet and
maximal tolerated cholesterol-lowering therapy; LDL-C levels
decreased by 21.3% (p¼0.0003) and Lp(a) by 23.2% (p¼0.0013)
compared with placebo [66]; non-HDL and VLDL were also significantly reduced [66]. Mipomersen provided sustained reductions of
LDL-C, Lp(a) and other lipids for up to 104 weeks [67].
The most commonly observed adverse events following mipomersen treatment are injection-site reactions [66,68]. Some patients experienced elevations in alanine aminotransferase, but such
increases did not associate with clinically signiﬁcant changes in
other parameters of liver function and were largely reversible
[66,69e71]. In addition, some patients enrolled in the short-term
studies showed a modest increased content (6e12%) of hepatic
fat [69,72]; liver biopsies performed in patients with severe hypercholesterolemia during mipomersen treatment revealed a
simple steatosis, without signs of inﬂammation or ﬁbrosis [73].
Both transaminase increase and hepatic steatosis did not progress
during long-term treatment and returned to baseline after mipomersen discontinuation [67,74,75]. A post hoc analysis of prospectively collected data of subjects enrolled in an open label extension
study showed that mipomersen signiﬁcantly reduced major
adverse cardiac event rate (85%) [76].
3.5. Lomitapide
The microsomal triglyceride transfer protein (MTP) is a lipid
transfer protein localized in the endoplasmic reticulum of hepatocytes and enterocytes, playing a key role in the assembly and
secretion of apolipoprotein-B-containing lipoproteins in both the
liver (VLDL) and intestine (chylomicrons) [77]. Individuals carrying
loss-of-function mutations in the gene encoding for MTP (MTTP)
are characterized by hypocholesterolemia and reduced levels of
circulating apoB-containing lipoproteins [78], suggesting MTP as a
pharmacological target for the treatment of hypercholesterolemia.
This led to the development of lomitapide, an MTP inhibitor that
has been approved for the treatment of HoFH [79] (Table 3).
Lomitapide reduces LDL-C levels by an LDLR-independent
mechanism. Due to its mechanism of action, lomitapide treatment results in the impairment of TG secretion from the liver,
leading to the accumulation of hepatic TG, steatosis and increased
in hepatic enzymes [80,81]. Lomitapide is a weak inhibitor of cytochrome P450 3A4 and is metabolized primarily by this enzyme
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Table 3
Effects of mipomersen and lomitapide in FH subjects.
Subjects

Duration

LDL-C (% change from baseline)

Lp(a) (% change from baseline)

HoFH [66]
HeFH þ HoFH [67]
HoFH [84]

Mipomersen 26 weeks
Mipomersen 104 weeks
Lomitapide 26 þ 52 weeks

31.1% (p¼0.0013)
14% (p<0.001)
15% at week 26 (p¼0.0003)
0.5% at week 78 (n.s.)

HoFH (NCT02399852)

Lomitapide 5 years

24.7% (p¼0.0003)
28% (p<0.001)
50% at week 26 (p<0.0001)
38% at week 78 (p¼0.0001)
ONGOING

CAD: coronary artery disease; HC: hypercholesterolemia; n.s.: not signiﬁcant.

[82,83], emphasizing the need for careful monitoring of possible
adverse effects during coadministration of lomitapide and statins.
The ﬁrst phase 3 pivotal study of lomitapide in HoFH, that
included a 26-week efﬁcacy study and a 52-week safety study,
showed a robust and durable reduction of LDL-C levels (50% at
week 26 and 38% at week 78) as well as other lipids (including total
cholesterol, VLDL-C, non-HDL-C, TG and apoB) [84]; some patients
were able to suspend or delay apheresis treatment [84]. The main
adverse events included gastrointestinal events (diarrhoea), elevations of hepatic enzymes and an increase in mean hepatic fat,
measured by nuclear magnetic resonance spectroscopy [84]. The
long term clinical relevance of this steatosis remains to be examined, as it may cause ﬁbrosis and cirrhosis in the long run. An
extension trial, aimed at evaluating the relevance of hepatic fat
accumulation, reported a sustained LDL-C level reduction up to 168
weeks accompanied by an increased median hepatic fat content
which, however, was not correlated with changes in hepatic enzymes or overt liver disease [85]. To further establish the efﬁcacy
and safety of long-term lomitapide treatment, an observational
exposure registry (LOWER: Lomitapide Observational Worldwide
Evaluation Registry) will follow lomitapide-treated HoFH patients
for at least 10 years [86].
The unclear clinical consequences of both mipomersen and
lomitapide side effects on liver led to the requirement for postmarketing observation studies, a black-box warning, and a Risk
Evaluation and Mitigation Strategy (REMS) [87].
3.6. LDL apheresis
Lipoprotein apheresis is the physical removal of lipoproteins
from the blood and represents an important tool for the treatment
of FH patients in which the pharmacological approach is not sufﬁcient to reduce signiﬁcantly LDL-C levels; it is indicated particularly for HoFH patients or severe HeFH who do not respond to
statins or are statin-intolerant. Following apheresis, both LDL-C and
Lp(a) levels signiﬁcantly decrease by 50e70%, but return to baseline
levels during the period to the next apheresis procedure [88]. The
combination of lipoprotein apheresis with lipid-lowering drugs
may thus further improve the lipid proﬁle and reduce the cardiovascular risk; the most common adverse effects are mild-to-severe
hypotension and nausea [88]; however, being an invasive procedure, it can negatively impact the quality of life. Clinical trials with
PCSK9 inhibitors have suggested that, due to their high lipidlowering effect, they can allow to reduce the frequency or even
delay apheresis treatments [59].
3.7. Liver transplantation
Since over 90% of the total LDLR is localized in hepatic cells, liver
transplantation is the only treatment to normalize the LDL-C levels,
as it leads to the almost complete replacement of dysfunctional
LDLR [89,90], however little is known about the long-term effect of
this procedure for this speciﬁc indication. After liver transplantation, LDL-C levels reduce dramatically [89,91]; however, this

procedure must be adopted before the onset of cardiovascular
complications. In fact, despite lipid normalization, cardiovascular
events may occur in the presence of established atherosclerosis
before the liver transplantation, and the vascular stenosis may
progress [92]. One case study showed a patient who was compound
heterozygous for a large deletion and a mutation resulting in a 10%
residual LDLR activity who presented with severe heart failure with
advanced atherosclerotic disease and underwent a combined heart
and liver transplantation [93]. LDL-C levels dramatically reduced 10
days post-transplantation (from 13 mmol/L [503 mg/dL] to
2.1 mmol/L [81 mg/dL])93; after 20 years, LDL-C levels were
4.3 mmol/L (166 mg/dL), and no signs of cardiovascular disease
were present [93].
Due to the signiﬁcant clinical challenges of organ transplantation (due to the need of life-long immunosuppressive therapy), it remains an accepted option only for the treatment of HoFH
patients unresponsive to conventional lipid-lowering therapy and
possibly before the onset of signiﬁcant cardiovascular disease.
3.8. Novel emerging therapies for the treatment of FH
Inclisiran (ALN-PCSsc) is a long-acting synthetic small interfering RNA designed to bind speciﬁc receptors in the liver and
which acts by inhibiting the synthesis of PCSK9 [94]; in patients at
high cardiovascular risk with high LDL-C levels, inclisiran was
highly effective in reducing LDL-C levels [95], and rates of adverse
events were comparable between inclisiran and placebo groups
[95]. Inclisiran is currently under evaluation in the phase 3 study
ORION-9 (NCT03397121) in patients with HeFH and elevated LDL-C
to assess the efﬁcacy, safety, and tolerability of subcutaneous (SC)
injection(s) of inclisiran, and in the phase 2 ORION-2
(NCT02963311) in HoFH.
Angiopoietin-like 3 (ANGPTL3) is a hepatic protein playing a key
role in lipoprotein metabolism through the inhibition of both lipoprotein lipase (LPL) and endothelial lipase (EL) activity, and lossof-function (LOF) variants of ANGPTL3 gene are associated with
reduced plasma levels of TG and LDL-C. Heterozygous carriers of
ANGPTL3 LOF mutations have a 34% reduction in odds of CAD, and
subjects in the lowest tertile of ANGPTL3 levels have reduced odds
of myocardial infarction compared with subjects in the highest
tertile [96], indicating ANGPTL3 as a possible pharmacological
target for the treatment of hypercholesterolemia. Interestingly,
ANGPTL3 modulates LDL-C levels independently of the LDLR [97],
which suggests that pharmacological inhibition of ANGPTL3 might
be effective in reducing LDL-C levels in patients with HoFH. Thus, a
4-week treatment of nine HoFH patients already receiving
aggressive lipid-lowering therapies (including statins, ezetimibe,
lomitapide and PCSK9 mAbs) with evinacumab, a monoclonal
antibody to ANGPTL3, was shown to reduce signiﬁcantly LDL-C
levels (overall mean reduction: 49% ± 23)98. Evinacumab was
highly effective also in 2 null homozygotes and 1 compound heterozygotes carrying 2 null mutations [98]. It is worth noting that
the treatment with evinacumab resulted in a signiﬁcant reduction
of PCSK9 levels, suggesting that part of the observed effect on LDL-C
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levels may be ascribed to changes in PCSK998.
Bempedoic acid is an ATP citrate lyase (ACL) inhibitor that reduces cholesterol biosynthesis and lowers LDL-C by up-regulating
the LDLR. Phase 2 studies have reported LDL-C reduction by up to
30% in monotherapy, almost 50% in combination with ezetimibe
and an additional 20% on top of statins. The ongoing Phase 3 program for bempedoic acid consists of four studies including almost
3600 patients at high cardiovascular risk having hypercholesterolemia despite maximal tolerated lipid-lowering therapy and
atherosclerotic cardiovascular disease (ASCVD) and/or HeFH, or
who are high risk primary prevention. The 12-week study reported
a 28% reduction of LDL-C levels compared with placebo [99];
Interestingly, bempedoic acid also signiﬁcantly decreases the levels
of the inﬂammatory marker high sensitivity C-reactive protein (hsCRP) by 33% compared with placebo [99]. Results from the other
studies are expected this year.
Despite signiﬁcant therapeutic advancement over the last few
years, HoFH remains a difﬁcult to treat condition for many of these
patients, particularly for those carrying null LDLR mutations or
with very low residual LDLR activity, as they cannot respond
adequately to conventional lipid-lowering therapies based on the
upregulation of LDLR. Thus, HoFH is an ideal candidate for liverdirected gene therapy, which has the potential to deliver functional copies of the human LDLR gene to the liver, where about 75%
of the whole body LDL receptors are expressed [100]. This treatment ideally requires a single administration that may have a longlasting effect on LDL-C levels. An ongoing study is evaluating a 52week safety of this gene therapy investigational product and
assessing preliminary evidence of LDL-C lowering, with a total
follow-up of 5 years. Based on the results obtained with several
AAV gene therapy agents, a complete reversal of the disease
phenotype is not expected; however, a clinically signiﬁcant LDL-C
reduction and increase in the response to current lipid-lowering
therapies are anticipated.
Gemcabene is a lipid-regulating molecule that enhances the
clearance of VLDL by reducing hepatic apolipoprotein C-III (apoCIII) messenger RNA (mRNA), resulting in lower LDL-C levels [101].
Despite it was evaluated in clinical trials in the early 2000s, the
results of these studies were not published. However, in 2016 a
phase 2 trial was announced to investigate the efﬁcacy, safety, and
tolerability of gemcabene in HoFH patients on stable lipid-lowering
therapies (statins and/or ezetimibe and/or PCSK9i) (COBALT-1).
After 12-weeks, gemcabene (300, 600, and 900 mg) reduced
signiﬁcantly LDL-C levels (25e30%), with mild-to-moderate
adverse events [102]. A 10e15% reduction was observed in three
patients with null (<2%) receptor activity [102]. The ROYAL-1 study
evaluated the effect of gemcabene 600 mg in patients with HeFH,
ASCVD with hypercholesterolemia not adequately controlled on
high-intensity or moderate-intensity stable statin therapy [103].
Mean percent change in LDL-C levels with gemcabene was 17.2%
(vs 5.5% with placebo); a high decrease in hs-CRP was also
observed (40% vs 6.1% for placebo) [103], with a good safety
proﬁle and without signs of drug-drug interaction with statin.
3.9. Cardiovascular risk stratiﬁcation in FH patients
CHD is the main cause of mortality and morbidity in FH individuals; compared with the general population, those with a
clinical diagnosis of deﬁnite FH have a signiﬁcantly higher coronary
mortality, with a mean age of onset of CHD of 55 years in men and
65 years in women [1]. It has been shown that in FH primary prevention is more effective than secondary prevention started after
the occurrence of a cardiovascular event (48% reduction in CHD
mortality vs 25%) [104], and that starting a pharmacological
approach early in life is more effective in preventing any excess
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coronary mortality in early adulthood [105].
The extent of atherosclerosis and CHD risk appears to be higher
in patients with monogenic FH compared with subjects with
polygenic hypercholesterolemia [14]; in addition, for any given
LDL-C level, the risk for CAD is signiﬁcantly higher in carriers of an
FH mutation versus non-carriers, which may be explained by a
prolonged exposure to high LDL-C levels [14]; thus, improving the
identiﬁcation of the possible genetic cause of FH and establishing
the CHD risk in monogenic FH and polygenic hypercholesterolaemia may help to identify the subjects at highest risk
for a better pharmacological approach.
Classical cardiovascular risk factors, such as age, gender, smoking, and hypertension play a role in determining the global CV risk
in FH patients, beyond their LDL-C levels [106,107]. Thus, among
subjects carrying the same mutation, the severity and clinical
manifestation of the pathology may vary consistently. Lp(a) levels,
which are an independent cv risk factor, are increased in FH patients, particularly in those who manifest an early CHD event
[36,108], and thus its measurement is recommended in these patients for a better risk stratiﬁcation [109]. In addition, FH patients
have an increased carotid intima-media thickness [19,110], a
biomarker of subclinical atherosclerosis, and its evaluation by noninvasive imaging methods may help to identify subjects with
advanced atherosclerosis and, thus, at increased CV risk.
Invasive methods, which are not recommended for asymptomatic patients, can be used, by contrast, for those patients presenting with clinical signs of cardiac event. There is limited
evidence available in using other cardiac biomarkers, such as highsensitivity C reactive protein and inﬂammatory cytokines in risk
stratiﬁcation of asymptomatic patients with FH, or calcium score
which have been examined only in few small studies.
4. Conclusions
Current guidelines strongly support treatment of FH with goals
of 100 (2.56 mmol/L) and 70 mg/dL (1.86 mmol/L) according to the
risk levels. Up to 3 decades ago, the treatment of severe hypercholesterolemia in FH was a clinical dilemma. The availability of
statins and later on of other pharmacological interventions has
produced a dramatic shift in our capability of controlling LDL levels
even in homozygous patients, with a few exceptions in which
apheresis is still required. The most important challenge, however,
remains diagnosis, which is not optimally performed worldwide. As
a consequence, subjects with FH remain undiagnosed and therapy
is not fully implemented.
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