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Half a Century Tales of Familial Hypercholesterolemia (FH) in Japan

Review

Hiroshi Mabuchi

Division of Clinical Lipidology, Department of Cardiology, Kanazawa University, Kanazawa, Japan

Familial hypercholesterolemia (FH) is a disease characterized by a triad: elevated low-density lipopro-
tein (LDL) cholesterol, tendon xanthomas, and premature coronary heart disease. Thus, it can be
considered as a model disease for hypercholesterolemia and atherosclerotic cardiovascular disease
(ASCVD). For the diagnosis of hetero-FH, the detection of Achilles tendon xanthomas by palpation
or on X-ray is an indispensable diagnostic skill in clinical lipidology. To prevent the under-diagnosis
and under-treatment of FH, the diagnostic criteria should be more convenient and user-friendly. For
a patient with cutaneous or tendon xanthomas, the probability of FH is very high; however, an
absence of xanthoma does not rule out FH.

Brown and Goldstein elucidated the pathogenesis of FH by their work on LDL-receptor (LDL-R),
for which they were awarded the Nobel Prize in 1985. In the 1950s, FH patients were divided into
heterozygous (hetero-) and homozygous (homo-) FH, and diagnosing homo- and hetero-FH based
on the phenotypic features of ASCVD or xanthomas frequently became difficult without the DNA
analysis of FH genes. It is estimated that heterozygous mutations in the LDL-R or the proprotein
convertase subtilisin/kexin type 9 (PCSK9) gene will be found at a combined frequency of 0.005,
which corresponds to 1/199 people in the general population in Japan.

Statins and anti-PCSK9 monoclonal antibodies are highly specific and efficient drugs for treating
hetero- or homo-FH patients. Most clinical studies have reported an amelioration of ASCVD using
long-term statin therapy. Clinical results using anti-PCSK9 monoclonal antibodies will emerge in a
few years. In homo-FH patients, mipomersen and lomitapide are expected to yield good results. It is
important to sequentially unravel the unrecognized pathogenetic mechanisms of FH to reduce its
under-recognition and develop new management strategies for it.
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Introduction

Familial hypercholesterolemia (FH) is a common
genetic disease, which complicates atherosclerotic car-
diovascular disease (ASCVD) because of high levels of
low-density lipoprotein (LDL) cholesterol (LDL-C),
and can thus be considered as a model disease for
hypercholesterolemia and ASCVD". The first case of
FH reported by Fagge in 1873 was associated with
cutaneous and tendon xanthomas (Figs.1, 2, 3, and

4); however, the association of FH with ASCVD or
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hypercholesterolemia was unknown at that time?. The
first homozygous FH (homo-FH) case in Japan was
reported by Yamakawa and Kashiwabara in 19227.
This 35-year-old man exhibited prominent generalized
cutaneous xanthomatosis and severe ASCVD symp-
toms and signs due to hypercholesterolemia of 526
mg/dL (Fig.5).

It was not until the widespread uptake of serum
cholesterol measurement in the 1950s that the associa-
tion of hypercholesterolemia with ASCVD and cuta-
neous or tendon xanthomas was gradually revealed®.
Fredrickson e a/” studied the classification of heredi-
tary lipoprotein metabolic diseases; however, they did
not advance from the phenotypic classification to geno-
typic elucidation.

In this review article, I describe the clinical phe-
notypic and genotypic diagnosis of FH and the prog-
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Fig.1. Physical findings in a hetero-FH patient.
S.N. 43 y.o. Male, Achilles tendon thickness (ATT); 17.0 mm, TC 392 mg/dL, TG;
124 mg/dL
Bilateral xanthelasma (+), r-eye; arcus corneae (+), bilateral hands; tendon xanthomas
(+), bilateral Achilles tendon xanthomas (+)

Fig.2. Physical findings in a homo-FH patient.
S.Y. 24 y.o. male, ATT; 42.0 mm, TC 538 mg/dL, TG 80 mg/dL, HDL-C 28 mg/dL,
LDL-C 486 mg/dL, LDL-R gene mutations; D280Y/D280Y.
Severe xanthomas on the backs of bilateral hands and nose root. Severe bilateral pla-

nar xanthomas around knee joints, bilateral periosteal xanthomas below knee joints,
severe AT'T; 42.0 mm
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Fig. 3.

Severe planar and tuberous xan-
thomatosis in a homo-FH boy.
M.K. 3 yo. TC 599 mg/dL, TG
61 mg/dL, HDL-C 53 mg/dL,
LDL-C 534 mg/dL

Achilles tendon xanthoma (=), His
FH genes were double mutations;
LDL-R C183S/PCSK9 E32K.
This patient is responsive to statin
(pitavastatin) and ezetimibe.

The same double mutations in the
FH-related genes (LDL-R and
PCSK9) were observed in his
younger brother (K.K.), but he has
no cutaneous and tendon xantho-
mas.

B Thick Achilles Tendo

C Very Thick Achilles
Tendon with
Calcification

Fig.4. Achilles tendon xanthoma can be easily diagnosed by palpation or on X-ray. (Left; 6.0 mm,

Right; 17.0 mm)
ress in its management mainly in Japan.

Molecular Pathogenesis of FH
In 1974, Brown and Goldstein (Fig.6)® initiated

the pathogenetic elucidation of FH in a case of homo-
FH with extremely high plasma LDL levels. They were
awarded Nobel Prize in 1985. In accordance with their
methodology, we also studied the LDL metabolism in
cultured skin fibroblasts of our patients with hetero-
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Fig. 5.

The first case of homo-FH
in Japan was reported by
Yamakawa and Kashiwabara
in 1922. This 35-year-old
man showed prominent
generalized cutaneous and
tendon xanthomatosis and
severe ASCVD symptoms
and signs due to hypercho-
lesterolemia of 526 mg/dL.

Fig.o6.

In 1974, Brown and Gold-
stein succeeded in the eluci-
dation of FH, and they were
awarded Nobel Prize in
1985. They visited Kana-
zawa for giving us memorial
lectures in 1992. (Left; M.S.
Brown, Right; J.L. Gold-
stein. They permitted me to
use this picture in this arti-

cle))
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Fig.8. Location of point mutations and small deletions/insertions in LDL-R gene in Japanese FH patients in Hokuriku district.

and homo-FH (Fig.7)”. The suppression of negative In association with Brown and Goldstein, Yama-
feedback from normal cells by the cholesterol that was moto” successfully cloned the LDL-R gene, which is
dissolved in LDL or ethanol in culture medium was located on the short arm of chromosome 19 and
observed; however, negative feedback was not observed encodes for 839 amino acids. Abnormalities in this
in the cells of homo-FH patients. Thus, FH was gene are associated with FH; more than 1200 muta-
found to be an LDL metabolic disorder because of the tions in the LDL-R gene have been reported till
abnormality in the LDL receptor (LDL-R). date'”. Recently, the gain-of-function mutation of
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Table 1. Incidence of FH gene mutant alleles in autosomal dominant FH

Genetic FH FH gene Homozygote Heterozygote Total mutant alleles
hypercholesterolemia classification mutation (n), (%) (n), (%) (n), (%)
. ADHI1 LDL-R 69 (84.1%) 757 (71.8%) 826 (72.6%)
Autosomal dominant ADH2 APO-B 0 (0%) 0 (0%) 0 (0%)
ADH) o ADH3 PCSK9 13 (15.9%) 62 (5.9%) 75 (6.6%)
ADH4 STAP1* 0 (0%) 0 (0%) 0 (0%)
Unknown 0 (0%) 236 (22.4%) 236 (20.8%)
Total 82 (100%) 1055 (100%) 1137 (100%)

FH genes: LDL-R gene, apolipoprotein B-100 (Apo-B) gene , PCSK9 gene and STAPI
STAP1™: not studied

26 rare mutants 170
0,
5% 160
-~ Unknown 150
4 25.4%
i 140
Hetero-FH
130
120
b
@ 110
o]
‘S 100
f—.
8 9
9 £
n % n % =1
K790X 292 2770 V408M 2 0.19 =z &
IVS15-3C>A 19 11.29 Exon7-14del 2 0.19
PCSK9 E32K 5 560 R395W 1 0.09 70
Exon 2-3 del 58 550 292X 1 0.09
PG6AL 4 an C134W144X 1 0.09 60 Alluu
Exon15-18del 38 361 V168M 1 0.09 i
c183s 19 180 E207K 1 0.09 5
Exon3-6dup 16 152 S109T 1 0.09
ARH 12 114 275X 1 0.09
V502M 10 095 Q718X 1 0.09 40
c317s 10 095 Cc331yY 1 0.09
D280Y 10 095 389insC 1 0.09 30
D412H 9 085 R385W 1 0.09
IVS12+2T>C 9 085 E397K 1 0.09 20
1867-9delATC 8 076 IVS10-1G/A 1 0.09
E119K 7 066 L621s 1 0.09 1
C163R 6 057 G655S 1 0.09 : : Homo-FH
c25Y 5 047 2055delG 1 0.09 Y B _
L547V 4 038 2411insG 1 0.09 0
Roa 4 om e X 005 0 100 200 300 400 500 600 700 800 900 (n}g%)g
1687insC 4 038 IVS3-1 GC/CT 1 0.09 Serum Cholesterol Level
Exonl1- 4 038 C100G 1 0.09
12dupG74F $ 0z Exon 1dupl ! 0.09 Fig. 10. Plasma cholesterol distributions in homo-FH patients,
E207Q 3 028 Exon1-6del 1 0.09 h FH oati d unaffected subi Clearl
Wi59X 3 008 Exon3—6dol 1 0,09 etero-FH patients and unaffected subjects. Clearly
©.662-665dup 3 028 Exon7-8del 1 0.09 three peaks are observed in the serum cholesterol dis-
C139R 3 o028 Exon-12de| ! 0.09 tribution among members of families affected by
1062insT 3 0.28 Unknown 268 24.30 FH. Th h ks healthy individual
R320X 3 o8 - These three peaks represent healthy individuals
D245N 3 028 and hetero-FH and homo-FH patients.
D245G 2 019
D206E 2 019 Total
S117X 2 019
DATIN ) 019 63 mutants (1054cases)
p132s 2o proprotein convertase subtilisin/kexin type 9 (PCSK9)
Fig.9. The frequency of FH gene mutations in LDL-receptor that resolves LDL-R was shown to reduce LDL-R;
and PCSK9 in Japan. reduce the number and activities of LDL-R, which
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Fig.11. Distributions of (a) plasma total cholesterol and (b) LDL-cholesterol in FH and non-
FH patients. Receiver operating characteristic (ROC) curves discriminating between
FH and non-FH subjects by (c) total cholesterol and (d) LDL-cholesterol are shown.
Areas under ROC curves (AUC) are shown as mean = SD.

Table 2. Diagnostic criteria of familial hypercholesterolemia (FH)

I. Hetero-FH
a) Clinical diagnostic Hypercholesterolemia with tendon xanthomas, or hypercholesterolemia in the
criteria first- or second-degree relatives of FH patients.

b) Genetic diagnostic

N Heterozygous mutations of FH genes.
criteria

II. Homo-FH
a) Clinical diagnostic Juvenile xanthomatosis with plasma cholesterol level about twice that of parents
criteria or other family members with hetero-FH

b) Genetic diagnostic

criteria True homozygotes, compound heterozygotes or double heterozygotes of FH genes

Hypercholesterolemia: Hyper-LDL-cholesterolemia
FH genes: LDLR gene, apolipoprotein B-100 (ApoB) gene, PCSK9 gene and STAPI gene

mimics the clinical picture of FH caused by LDL-R family member 1 abnormality' has also been reported.
abnormalities (Fig. 8)'"'?. Similarly, the discovery of several other genes causing

FH caused by autosomal recessive hypercholes- FH is anticipated. The frequencies of abnormalities in
terolemia (ARH)'> ' and signal-transducing adaptor the FH-related genes identified till date in our labora-
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Fig. 12. Plasma cholesterol distributions in each genotypic hetero-FH patient.
Genotypic variations show phenotypic heterogeneity.

Size of each boxes show mean * SD.

tory are presented in Table 1 and Figs.8 and 9.

Diagnostic Criteria of FH

Previously, the diagnosis of FH was based pri-
marily on the presence of cutaneous and tendon xan-
thomas, and its association with hypercholesterolemia
or ASCVD was not considered?. Although the pres-
ence of cutaneous or tendon xanthomas is a definitive
sign of FH, its absence does not rule out FH. In other
words, although xanthoma has a high specificity for
the diagnosis of FH, its sensitivity is rather low. When
we consulted a dermatologist because of xanthomas,
most cases were simply diagnosed as homo-FH or seri-
ously ill hetero-FH. When most FH cases were revealed
only during dermatological consultations for xantho-
mas, most hetero-FH cases without xanthomas were
never revealed and only homo-FH cases were sporadi-
cally reported ' .

The distribution of serum total cholesterol (TC)
levels of unaffected subjects and hetero- and homo-
FH patients are presented in Fig.10'. Three peaks
are observed in the serum cholesterol distribution
among members of families affected by FH. These
three peaks represent healthy individuals and hetero-
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and homo-FH patients. For the differential diagnosis
of unaffected subjects and hetero-FH patients, estab-
lishing a threshold between these groups is essential.
For such a threshold, we adapted the TC level for FH
diagnosis and set the LDL-C reference value (Fig. 11).
For the diagnosis of FH, the reference value of serum
TC was 225 mg/dL and that of LDL-C was 162 mg/
dL (Fig.11)'® . Thus, the clinical diagnostic criteria
of hetero-FH is defined as hyper-LDL cholesterolemia
with tendon xanthomas (Table 2).

In previously obscure cases, the elucidation of
the mechanism of LDL metabolism at the cellular
level facilitated the diagnosis of FH by DNA analysis
of FH-related genes. Consequently, the number of FH
cases increased rapidly. The total number of cases in

which we performed genotypic diagnosis is presented
in Table 1719

Clinical Severity of FH Diagnosed due to
Abnormalities in the FH-related Genes

Hetero-FH cases diagnosed due to abnormalities
in the FH-related genes are highly diverse, and it is
clear that the serum cholesterol level varies depending
on the particular mutation. The genotypic heteroge-
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Fig.13. Plasma cholesterol levels in different genotypes of homo-FH patients.

Plasma cholesterol levels in the homo-FH due to LDL-R mutants are higher than
those in the homo-FH due to PCSK9 E32K homo-FH or autosomal recessive
homo-FH. Data were obtained from our previous studies by Mabuchi ez. a/.'?

and Tada ez al'?

neity of LDL-R produces the clinical phenotypic vari-
ation (Fig.12)'>'9. Similar variations with respect to
other FH-related genes have also been identified. An
apparent difference was found by the genetic investi-
gation of homo-FH while comparing the plasma cho-
lesterol levels in homo-FH patients in whom LDL-R
mutations, PCSK9 mutations, and the classical gene
mutations are unknown (Fig.13). In terms of clinical
severity, the order of FH is as follows: LDL-R muta-
tion > Apo-B-100 mutation > PCSK9 mutation > ARH
mutation. Furthermore, gene mutations should be
identified and the associated clinical severity should be
investigated. Even in cases with same gene mutation,
the diagnosis may be hypolipidemic FH, normolipid-
emic FH, or hyperlipidemic FH. In this context,
although the search for FH-related genes is a desirable
endeavor, the precise genotypic diagnosis is unlikely to
alter the treatment paradigm (achievement of target
LDL-C level) or the choice of pharmacotherapeutic
agents.

Frequency of FH

A definitive diagnosis of FH is a necessity to
accurately estimate the frequency of FH. In particular,
the geographic region where a case is screened also
remains an issue. On determining the total number of
the homo-FH patients in a particular region, we can
estimate the frequency of the hetero-FH patients using
the Hardy—Weinberg equation. We studied FH in
Hokuriku, Japan, which has a population of approxi-
mately 3,081,000'?. The proportion of FH gene muta-
tions in our patients was as follows: 73% in LDL-R
and 6.6% in PCSK9, whereas no patient had Apo-B
mutations (Table 1)'72%. In 20.8% of subjects, no
mutations were detected in the FH genes; thus, these
patients may not have had FH or may have had FH
due to unknown genetic mutations. Of the estimated
prevalence of 1/500 hetero-FH patients in the general
population, <1% of cases are diagnosed in most
countries. Recently, direct screening in the general
population in northern Europe revealed approximately
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Before treatment.

After 3 years of drug treatment.
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Fig. 14. Two brothers with the same genotypic double heterozygotes due to LDL-R gene mutant C183S and PCSK9

E32K show quite different phenotypic characteristics.

The elder brother shows generalized planar xanthomatosis. His plasma TC was 629 mg/dL, LDL-C 581 mg/
dL, and his plasma cholesterol responded very well to statin and ezetimibe, and his xanthomatosis became
smaller and softer and almost disappeared without LDL-apheresis. But his younger brother has no xantho-
mas, and his TC was 291 mg/dL, and his LDL-C was 227 mg/dL and he had never been treated by statin or

any other medication.

1/200 hetero-FH patients. Therefore, based on preva-
lence rates between 1/500 and 1/200, approximately
14 and 35 million individuals worldwide have FH?".
Serum cholesterol concentrations in all patients
homo-FH (#=31) due to LDL-R mutations were
found to range widely from 362 to 1021 mg/dL, and
the average cholesterol concentration was 612 * 145
mg/dL (mean#SD) (Fig.13). Serum cholesterol con-
centrations in homo-FH due to PCSK9 E32K muta-
tion ranged from 269 to 630 mg/dL, and the mean
serum TC concentration (401 =117 mg/dL) in homo-
zygotes caused by PCSK9 E32K was significantly
lower than their counterparts with LDL-R mutation
(»<0.001). As a result, the frequency of LDL-R
mutant heterozygotes is estimated to be 0.0034, which
corresponds to 1/293 people in the general popula-
tion'?. The frequency of PCSK9 mutant heterozy-
gotes is estimated to be 0.0016, which corresponds to
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1/622 people in the general population'?. Thus, it is
estimated that heterozygous mutations in the LDL-R
or the PCSK9 gene will occur at a combined fre-
quency of 0.005, corresponding to 1/199 people in
the general population of the Hokuriku district of
Japan'?. Of the investigated 149 myocardial infarc-
tion (MI) patients younger than 65 years, 18 patients
(12%) were FH, and in the 43 MI patients younger
than 40 years, 17 patients (41%) were FH*?. Our
assumption from this data states that coronary artery
stenosis detectable by angiography occurs after 17 and
25 years of age in male and female heterozygotes,
respectively, and the treatment of heterozygotes using
lipid-lowering drugs can be delayed until late adoles-
cence®.

Plasma cholesterol concentrations in patients with
homo-FH (#=30) due to PCSK9 mutation were
found to range widely from 269 to 630 mg/dL. This
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Before
LDL-apheresis

After
LDL-apheresis
for 3 years

variation was also observed in a pair of homo-FH
brothers in a family with the same double mutations
(PCSK9 E32K and LDL-R C183S) (Fig.14)'?. The
genotype is a homo-FH of the same double heterozy-
gote, whereas, as shown in the pictures by investiga-
tions of K.K. and M.K,, the clinical phenotype is
markedly different. Although determining the geno-
type is essential for the diagnosis of FH, the pheno-
typic characterization is the key for setting target levels
for FH management. In this family the clinical phe-
notype is greatly different. Thus, a genotype is neces-
sary for the diagnosis of FH; however, the phenotypic
management target values are important for setting
target values for FH management??.

New Treatment of Homo-FH

The treatment of FH involves reducing plasma
LDL-C in hetero-FH and homo-FH patients*¥. At
present, it may be premature to introduce liver trans-
plantation and LDL-R gene therapy for homo-FH
patients, although a few patients have successfully
undergone liver transplantation.

Despite the use of currently available lipid-lower-
ing therapies, a significant proportion of patients with
severe hypercholesterolemia do not achieve their treat-
ment goals and consequently remain at an increased

risk of ASCVD. Based on their clinical experience,

Fig. 15.
A homo-FH man had been treated by LDL-
apheresis for more than 35 years.

After 3 years of LDL-apheresis, his xantho-
matosis greatly decreased in size and hard-
ness.

these patients tend to have the most severe forms of
FH and markedly elevated LDL-C levels but cannot
tolerate statin therapy.

At present, an alternative therapy is the use of an
antisense apoB-100 preparation (mipomersen)®’ and
microsomal triglyceride transfer protein (MTP) inhib-
itor (lomitapide)®> . MTP is indispensable for the
formation of chylomicrons in the small intestine and
very low-density lipoprotein in the liver. Because MTP
controls triglycerides and the rearrangement of the
apoB-100 synthesized in the liver and small intestine,
an abetalipoproteinemic patient suffers from MTP
deficiency®® ?” and lacks B-lipoprotein and plasma
LDL-C. The serum cholesterol level in homo-FH
patients is considered to moderately decrease upon
MTP inhibition, as assumed from this case of MTP
deficiency, and MTP inhibitor was developed and
released recently. Plasma cholesterol decreases upon
drug administration; however, fatty liver and diarrhea
may occur due to its mechanism of action®. A male
patient (S.Y.) with homo-FH due to true homozygote
with LDL-R D280Y/D280Y has been treated by
LDL-apheresis for more than 35 years. His severe xan-
thomatosis rapidly decreased in size and number, and
his frequent anginal attacks almost disappeared after

the long-term treatment with LDL-apheresis (Figs. 15
and 16)%.
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Fig.16. The male homo-FH patient (S.Y.) due to true homozygote with LDL-R D280Y/D280Y has been treated by LDL-aphere-
sis for more than 35 years. His severe xanthomatosis rapidly decreased in size and number, and his frequent anginal attacks

almost disappeared after the long-term treatment.

New Treatment of Hetero-FH

In 1971, Endo (Fig.17) started the search for a
cholesterol synthase (HMG-CoA reductase) inhibitor
for the development of hypocholesterolemic agents.
The metabolites from 6000 different kinds of mold
were screened, and an HMG-CoA reductase inhibitor
(compactin) was identified*”. In this study, hetero-FH
patients treated with compactin exhibited a decrease
in LDL-C by 29%?%", whereas no change in high-den-
sity lipoprotein cholesterol (HDL-C) was observed
(Fig. 18). This finding was reported globally, includ-
ing in the New York Times (Box 1) and Wall Street
Journal, and even formed the opening scene of a play
about the statin era (Boxes 2 and 3). Endo was
awarded Lasker prize 2008 (Fig.17).

Brown and Goldstein®” produced an editorial
entitled “Lowering plasma cholesterol by raising LDL
receptors” in association with this article and stated
the following: “Mabuchi ez al. examined the effect of
compactin on the lipoprotein level in patients with
FH as reported in the current issue of NV Engl | Med "
(Box 4) and announced that it did not reduce HDL-
C. We must overcome this barrier but comment that
we can rightly estimate compactin as ‘penicillin for

hypercholesterolemia’®.” Seven statin drugs have been
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used for treating hyper-LDL cholesterolemia, includ-
ing that in FH patients. The rate of decline in LDL-C
level due to statin is 20%—55%. This decline occurs
via the release of a PCSK9 inhibitor, which increases
LDL-R level®. Using an anion exchange resin, a dra-
matic decrease in LDL-C level was observed with the
use of compactin, which increased LDL-R level, together
with the anti-PCSK9 monoclonal antibody, which
was recently released (Box 5). It is impossible to
improve the abnormality of the LDL-R gene in het-
ero-FH patients, but statins can influence LDL-R activ-
ity by reinforcing other normal LDL-R gene remark?®®.

As PCSK9 is a modulator of LDL-R, other mech-
anisms to control this modulation may exist. In a
study by Stein, healthy subjects, non-FH patients, and
FH patients were administered anti-PCSK9 monoclo-
nal antibodies®”. These drugs decreased LDL-C level
by 41% —58%. An editorial associated with this article
had the following title: “Lowering plasma cholesterol
by raising LDL-Rs—Revisited,” which opened with
the following remarks: “Thirty-one years ago, Mabu-
chi and colleagues reported in the journal that a statin
called compactin reduced plasma LDL-C levels by
29% in patients with hetero-FH?"3?. This drug inhib-
its an early step in cholesterol synthesis catalyzed by
HMG-CoA reductase. In an accompanying editorial
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Fig.17. Statin drugs discovered by Endo showed dramatic
LDL-C reductions in hetero-FH and non-FH
patients, and thus, compactin was called as “Penicil-
lin for hypercholesterolemia”. (Left; A. Endo, Right
H. Mabuchi, A, Endo permitted me to use this pic-
ture.)

titled “Lowering Cholesterol by Raising LDL Recep-
tors,” Brown and Goldstein noted that “heterozygotes
for FH have a deficiency of LDL receptors on cells,
resulting in reduced cholesterol uptake by cells and
high levels of cholesterol in the plasma. Here, repeated
treatment of hetero-FH recovers 100% of residual

LDL-R activity”(Fig. 7)%".

Causes of Death due to FH in the
Pre-Statin and Statin Eras

A typical Japanese case of a 4-year-old boy with
essential familial hypercholesterolemic xanthomatosis
was reported in 1968°%°. High serum cholesterol levels
of 876—1144 mg/dL and general xanthomatosis were
suggestive of homo-FH. Profound narrowing of each
coronary artery was also observed.

In the pre-statin era (before 1991), we studied
the development of coronary artery disease (CAD) in
10 homozygous and 692 heterozygous FH patients.
Of those affected by MI, 97 were male heterozygotes
and 41 were female heterozygotes; this was first noted
for men in their third decade of life and for women in
their fourth decade of life (Fig.19). Out of 107
deceased heterozygous patients 74 patients (69%) died
of CAD (Table 3). The mean age at death was signifi-
cantly lower in male heterozygotes (59%13 years)
than in their female counterparts (69+9 years). Of
those who underwent coronary angiographic evalua-
tion, five were homo-FH patients and 105 were male
and 56 were female hetero-FH patients. The regres-
sion equations between age (X) and coronary artery

stenosis index (Y) were Y=1.57X-20.43 in the

Box 1.

New York Times. Aug. 26, 1981
New Drug May Prevent Hardening of Arteries

BOSTON, Aug. 26 (AP) — A new drug made from
penicillin reduces levels of cholesterol in the blood and
may prevent hardening of the arteries, an under-lying
cause of the heart attacks and strokes that kill 800,000
Americans a year, researchers say.

A study shows that the experimental drug compactin is
effective in people with an inherited defect that
produces high cholesterol levels in the blood and leads
to premature heart disease.

The new study was directed by Dr. Hiroshi Mabuchi at
Kanazawa University School of Medicine in Japan and
was published in the current issue of the New England
Journal of Medicine.

400 7
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02 4 12 24 After withdrawal
(week) of drug

Fig. 18. Effects of compactin on plasma total-, IDL-, LDL-
and HDL-cholesterol levels in patients with hetero-
FH.
LDL-C level was reduced by 29%, and HDL-C
increased slightly.

homozygotes, Y=0.52X~-9.11 in the male heterozy-
gotes, and Y=0.47X-12.57 in the female heterozy-
gotes””. From these data, we can assume that coronary
artery stenosis detectable by angiography will occur
after 17 and 25 years of age in male and female het-
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Box 2.

Brown MS and Goldstein JL.
A tribute to Akira Endo, discoverer of a “Penicillin” for cholesterol.
Atherosclerosis Suppl. 5; 13-16, 2004

“Our confidence in statins was strongly reinforced when we saw Mabuchi’s 1981 paper in The New England Journal of
Medicine on the treatment of FH heterozygotes with compactin. Heterozygotes have one copy of a normal gene for LDL
receptors, but this gene is partially suppressed by cholesterol. Compactin relieves this suppression, upregulating LDL
receptors and lowering plasma LDL. We communicated our excitement in the editorial that we were invited to write to
accompany Mabuchi’s article, which we entitled “Lowering plasma cholesterol by raising LDL receptors”. Although we
were enthusiastic, we cautioned that many hurdles had to be overcome before compactin would be a drug. “Many
hurdles must be overcome before compactin or mevinolin can be accepted as a ‘penicillin’ for hypercholesterolemia.
Among these was the ever-present concern about long-term toxicity, a concern that was not laid to rest until Merck
conduced the landmark EXCEL study after the approval of lovastatin.”

Box 3.

Brown MS and Goldstein JL.

Editorial

Lowering plasma cholesterol by raising LDL receptors

N Engl ] Med. 305: 515-517, 1981

The goal of therapy in familial hypercholesterolemia is to reduce the concentration of LDL in plasma without disrupting
cholesterol delivery to cells. The ideal approach is to stimulate the cells to produce more LDL receptors. When the
number of receptors increases, the rate of LDL degradation will also initially increase. If the rate of LDL production does
not change, the LDL level must decline.

In this context the recent discovery of compactin by Akira Endo, at the Sankyo Drug Company in Tokyo, assumes great

importance. Isolated from a penicillin mold, compactin seems to have been designed by nature to be an ideal competitive
inhibitor of HMG CoA reductase.

In this issue of the Journal, Mabuchi et al. reported a detailed study of compactin’s effects on lipoprotein levels in human
beings. They used extremely low doses of compactin, less than one tenth the amount used in the dog studies. Yet, they
observed a dramatic 29 per cent reduction in plasma LDL levels in subjects with heterozygous familial
hypercholesterolemia. Plasma HDL levels did not change.

Many hurdles must be overcome before compactin or mevinolin can be accepted as a “penicillin” for
hypercholesterolemia. No long-term studies of toxicity have been reported in animals or patients. It is possible that these
compounds will produce unexpected side effects and that new analogues will have to be developed. Yet the studies with
the parent compounds compactin and mevinolin have established a general principle: interference with cholesterol
synthesis can trigger an increase in LDL receptors, thereby reducing LDL levels in plasma without depleting vital body
stores of cholesterol. This is indeed encouraging news.

erozygotes, respectively, and the treatment of hetero-
zygotes using lipid-lowering drugs can be delayed
until late adolescence.

Statin was released in 1991 and contributed to
the prevention and treatment of ASCVD in FH and
non-FH patients worldwide. In this case, we investi-
gated the causes of death in the FH patients in the
pre-statin and statin eras. Regarding the causes of death
in the hetero-FH patients in the pre-statin (Table 3)*°,
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72.6% of male hetero-FH patients died of ASCVD at
a mean age of 59 %13 years, and 64.4% of female het-
ero-FH patients died of ASCVD at a mean age of
69+9 years. Homo-FH patients died at a mean age of
28+13 years in the pre-statin era, but this was pro-
longed by 30 years to 59*20 years in the statin era
(Table 4). These homo-FH patients had never been
treated by LDL-apheresis. We also compared the age
at death of hetero-FH patients between the pre-statin
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Box 4.
Kolata G.
Research News

Cholesterol —heart disease link illuminated.
Science 221: 1164-1166, 1983

New findings explain how blood cholesterol levels are controlled and how to lower them substantially in persons at high risk of
heart disease

The relationship between cholesterol and heart disease has, until recently, eluded scientific explanation. It was known
that extremely high concentrations of cholesterol in the blood can --- by themselves --- cause heart disease. It was known
that cell surface receptors for a protein that carries cholesterol in the blood somehow are necessary for the control of
blood cholesterol levels. But no one knew how blood cholesterol concentrations are controlled nor any logical way to
substantially lower blood cholesterol in people at very high risk of heart disease. When given alone, either compactin or
mevinolin will cause a decrease in cholesterol synthesis and a consequent increase in liver LDL receptors. But, says Brown,
“The most dramatic effect is when one of these drugs is given with cholestyramine.” As first reported by Hiroshi Mabuchi
and his associates at Kanazawa University in Japan, the two drug combination causes a 50 to 55 percent decrease in
plasma LDL levels in heterozygotes for familial hypercholesterolemia --- which puts them in the normal range. Says
Brown, “The important scientific point is that here is a genetic disease that is manifested in heterozygotes and we can
stimulate the expression of normal gene.”

And by using these drugs, it may be possible to answer at last the question of whether lowering cholesterol levels lowers
the risk of heart disease. For the first time, a treatment is available that lowers cholesterol enough that a difference in
heart risk, if it occurs, should be readily apparent in a clinical trial.

Box 5.

Young SG and Fong LG.

Editorial

Lowering plasma cholesterol by raising LDL receptors—revisited

N Engl J Med 366; 1154-1155, 2012

Thirty-one years ago, Mabuchi and colleagues reported in the Journal that a statin called compactin reduced plasma low-
density lipoprotein (LDL) cholesterol levels by 29% in patients with heterozygous familial hypercholesterolemia. This drug
inhibits an early step in cholesterol synthesis catalyzed by the enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-
CoA) reductase. In an accompanying editorial entitled “Lowering Cholesterol by Raising LDL Receptors,” Brown and
Goldstein noted that heterozygotes for familial hypercholesterolemia have a deficiency of LDL receptors on cells, resulting
in reduced cholesterol uptake by cells and high levels of cholesterol in the plasma. They explained that cholesterol levels
within cells are tightly controlled, in part by LDL receptors, and pointed out that the cells’ machinery for regulating LDL
receptors can be harnessed for therapeutic purposes. In the case of statins, blocking an early step in sterol synthesis deprives
hepatocytes of cholesterol, leading to up-regulated LDL receptors, increased cholesterol uptake by cells, and lower plasma
cholesterol levels. They predicted that statins, if proved to be safe, would delay the onset of atherosclerotic heart disease.

In the current issue of the journal, Stein and co-workers report the results of phase 1 clinical trials of REGN727, a
human PCSK9 monoclonal antibody manufactured by Regeneron Pharmaceuticals. REGN727 was administered either
intravenously or subcutaneously to healthy control hypercholesterolemia, some of whom were receiving atorvastatin and
some of whom were receiving a modified diet only. In a dose-dependent fashion, REGN727 lowered LDL cholesterol
levels by up to 64%, and the percent lowering was similar regardless of whether patients were taking a statin. Cholesterol
lowering was prompt and persisted for weeks, and the antibody had an acceptable side effect profile as compared with
placebo. In their 1981 editorial, Brown and Goldstein concluded that the “important lesson” of the compactin studies
was that “normal regulatory mechanisms can be exploited to lower plasma LDL.” The PCSK9 story reinforces this
paradigm in an emphatic fashion. And although the discovery of PCSK9 is an exciting chapter in the cholesterol story,
no one should assume it is the last.
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Table 3. Causes of death in hetero-FH patients in pre-statin era
Male hetero-FH Female hetero-FH
Age of Age of
n % Death (yrs) TC TG n % Death (yrs) TC TG
ASCVD 45 72.6 29 644
Mpyocardial Infarction 25 403 5712 35866  166%066 20 444 70£9 344x72 15887
Sudden Cardiac Death 14 226 5415 36161 12675 6 13.3 697 37654 15237
Heart Failure 2 3.2 76%2 369 =40 111 3 6.7 6810 350+26 140+ 86
Cardio-aortic Surgery 4 65 62+7 387119 151%5 0 0 - - -
Stroke 3 4.8 635 379+90 15778 7 15.6 71£4 335£116 136%56
Cancer 9 145 60£9 34168 191+102 5 11.1 64%13 373+86 164+ 35
Others 5 8.1 64£20 33490 12860 4 8.9 73+12 389+90 84+28
Total 62 100.0 59+13 332104 148=72 45 100.0 69%9 35577 147 69

ASCVD; Atherosclerotic Cardiovascular Disease
TGC; total cholesterol (mg/dL), TG; triglyceride (mg/dL)
Data; mean+SD

and statin eras (Table 5)*?, which was increased by
12.6 years from 63.3 +12.3 years to 75.9 = 12.4 years.
Thus, the utility of statins for hetero-FH and homo-
FH was demonstrated, even though double-blind
study using placebo is ethically difficult to design.

Conclusions

FH is a common genetic disease and is highly
associated with premature ASCVD. For the differen-
tial diagnosis of homo-FH and hetero-FH in patients,
obtaining a pedigree (family tree) is simple and essen-
tial in planning cascade screening or family studies.
For the diagnosis of hetero-FH, the detection of Achil-
les tendon xanthomas by palpation or on X-ray is an
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indispensable diagnostic skill in clinical lipidology. For
the management of LDL-C level in homo- and het-
ero-FH patients, PCSK9 inhibitors, mipomersen,
lomitapide, and LDL-apheresis in addition to statins
should be used. It is important to sequentially unravel
the unrecognized pathogenetic mechanisms of FH to
reduce the under-recognition of FH and develop new
management strategies for FH (Fig. 20).
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Table 4. Causes of death in homo-FH patients in pre-statin and statin eras

<1991 (Pre-statin era)

No Name ~ Sex Encry  Encry TC TG Death - Death Cause of death Genotype
year age year age

1 M.L F 1964 20 730 273 1967 23 Cardiac death K790X/K790X

2 Y.E. M 1966 11 908 300 1970 15 Heart failure IVS15-3C>A/IVS15-3C>A

3 K.Y. F 1977 27 609 126 1977 27 Sudden cardiac death D280Y/D280Y

4 K.M. F 1978 40 610 180 1979 41 Sudden cardiac death D280Y/D280Y

5 S.T. M 1984 17 529 177 1984 17 Aortic valvular stenosis ~ ?/?

6 S.S. F 1987 26 1004 784 1987 26 Sudden cardiac death K90X/K790X

7 M.K. F 1980 40 550 143 1990 50 Leukemia Exon2-3del/Ex2-3del
Mean 1977 26 706 283 1980 28
SD 9 11 185 213 9 13
>1992 (Statin era)

No Name  Sex Encry  Encry TC TG Death - Death Cause of death Genotype
year age year age

1 N.Y. F 1992 36 590 93 1993 37  Cardiac death 22

2 T.T. M 1977 40 558 388 1995 58  Sudden cardiac death Exon2-3del/Exon2-3del

3 HT M 1985 59 493 128 1997 71 Pancreas cancer W159X/R94H

4 MN. F 1994 73 599 107 1998 77 Cardiac death R395W/R395W

5 TK. M 1986 35 633 312 2004 53 After cardiac surgery K790X/K790X

6 J.S. M 1979 5 853 123 2005 31 After cardiac surgery €2201-2202delCA/c2201-2202del CA

7 Y.L F 1980 52 622 315 2012 84 Interstitial pneumonia  Exon2-3del/Exon2-3del
Mean 1985 43 621 209 2001 59
SD 7 22 112 124 7 20

TGC; total cholesterol (mg/dL), TG; triglyceride (mg/dL)

Table 5. Clinical data and age of death in homo- and hetero-FH patients in pre-statin and statin eras

M/E Entry year Entry age TC (mg/dL) Death year Death age
(yr) at entry (yr)
Homo-FH
Pre-statin (n=7) 2/5 1976.6%£5.4 259+11.1 706%185 1979.0£9.0 28.4+12.7
Statin (2=7) 4/3 1985.0+6.5 429+11.8 621+112 2001.0+7.0 58.7%20.0
. . +30.3 years
(Statin - Pre-statin) P<0.00001
Hetero-FH
Pre-statin (2=108) 62/46 1980.2+5.4 59.5%12.6 357+72 1984.1+5.0 63.3+12.3
Statin (n=93) 51/42 1985.0+7.4 57.4%12.4 33459 2001.7%6.9 75.9%12.4
+12.6 years

(Statin - Pre-statin)

P<0.000000054

TG; total cholesterol (mg/dL), TG; triglyceride (mg/dL)

Data; mean £SD
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Genetic Pathogenesis of Familial Hypercholesterolemia
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Fig.20. Molecular pathogenesis of FH

Genetic mechanism in the pathogenesis of FH is shown here (2=1,067). Causes of FH are LDL-R mutations (69.7%),
PCSK9 gain of function mutations (5.7%), ARH (1.4%) and other unknown mutation (23.2%).
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