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Abstract—One of the genetic features of the Sardinian population is the high prevalence of hemoglobin disorders. It has
been estimated that 13% to 33% of Sardinians carry a mutant allele of thea-globin gene (a-thalassemia trait) and that
6% to 17% areb-thalassemia carriers. In this population, a single mutation ofb-globin gene (Q39X,b0 39) accounts
for .95% of b-thalassemia cases. Because previous studies have shown that Sardinianb-thalassemia carriers have
lower total and low density lipoprotein (LDL) cholesterol than noncarriers, we wondered whether this LDL-lowering
effect of theb-thalassemia trait was also present in subjects with familial hypercholesterolemia (FH). In a group of 63
Sardinian patients with the clinical diagnosis of FH, we identified 21 unrelated probands carrying 7 different mutations
of the LDL receptor gene, 2 already known (31311 g.a and C95R) and 5 not previously reported (D118N, C255W,
A378T, T413R, and Fs572). The 31311 g.a and Fs572 mutations were found in several families. In cluster Fs572, the
plasma LDL cholesterol level was 5.7661.08 mmol/L in subjects withb0-thalassemia trait and 8.2561.66 mmol/L in
subjects without this trait (P,0.001). This LDL-lowering effect was confirmed in an FH heterozygote of the same
cluster who hadb0-thalassemia major and whose LDL cholesterol level was below the 50th percentile of the distribution
in the normal Sardinian population. The hypocholesterolemic effect ofb0-thalassemia trait emerged also when we
pooled the data from all FH subjects with and withoutb0-thalassemia trait, regardless of the type of mutation in the LDL
receptor gene. The LDL-lowering effect ofb0-thalassemia may be related to (1) the mild erythroid hyperplasia, which
would increase the LDL removal by the bone marrow, and (2) the chronic activation of the monocyte-macrophage
system, causing an increased secretion of some cytokines (interleukin-1, interleukin-6, and tumor necrosis factor-a)
known to affect the hepatic secretion and the receptor-mediated removal of apolipoprotein B–containing lipoproteins.
The observation that our FH subjects withb0-thalassemia trait (compared with noncarriers) have an increase of blood
reticulocytes (40%) and plasma levels of interleukin-6 (160%) supports these hypotheses. The lifelong LDL-lowering
effect of b0-thalassemia trait might slow the development and progression of coronary atherosclerosis in FH.
(Arterioscler Thromb Vasc Biol. 2000;20:236-243.)
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Familial hypercholesterolemia (FH) is an autosomal
codominant disorder that is due to defects of the low

density lipoprotein receptor (LDL-R) that result in a defective
removal of LDL from plasma. The accumulation of plasma
LDL is thought to be the major cause of premature coronary
artery disease (CAD) observed in FH.1 The LDL-R defects
are caused by a large number of mutations of the LDL-R
gene.2 In most white populations, the frequency of heterozy-
gous FH is estimated to be 1:500 and that of homozygous FH
is '1:1 000 000.2 In most European countries, including
continental Italy, FH is characterized by large allelic hetero-
geneity. However, in some ethnic groups living in Europe

(eg, Finns) or of European descent (eg, French-Canadians and
Afrikaners of South Africa), the frequency of heterozygous
FH is higher, and the LDL-R defects are caused by a small
number of mutations of the LDL-R gene (the founder effect).2

Sardinia is an island in the Mediterranean with an area of
24 000 km2 and a population of'1 600 000 inhabitants.
Sardinians belong to a genetically deviant population (like
Basques, Icelanders, and Finns) among the other European
populations.3 They stem from various populations of the
western and eastern basin of the Mediterranean that settled on
the island 15 000 to 10 000 years BC.4 Although over the
centuries Sardinians had contacts with several foreign popu-
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lations (Phoenicians, Carthaginians, Romans, Vandals, Byz-
antines, the Genoese, the Spanish, and the Piedmontese), with
the possible exception of the Romans, these foreign popula-
tions seem to have made little genetic contribution to the
Sardinian genetic background.3 Geographic isolation, in-
breeding, genetic drift, and probably the selection induced by
specific environmental factors (eg, the endemic malaria) have
contributed to the genetic diversification of Sardinians from
mainland Italians and other white populations.

Evidence of a different genetic background for Sardinians
and other European populations, including Italians, is given,
for example, by the higher prevalence of some monogenic
and polygenic diseases (eg, Wilson disease and type I
diabetes) in Sardinia compared with continental Italy and
other European countries.5–7 One of the well-known genetic
features of the Sardinian population is the high prevalence of
some genetic disorders of erythrocytes, such as thalassemias,
and deficiency of glucose-6-phosphate dehydrogenase.8,9 It
has been estimated that 13% to 33% of Sardinians carry 1
mutant allele of thea-globin genes, that 6% to 17% are
b-thalassemia carriers,8 and that 4% to 19% are carriers of
glucose-6-phosphate dehydrogenase deficiency.9 The high
prevalence of these disorders appears to be the result of a
selective advantage produced by malaria, which was endemic
in Sardinia up to the late 1950s. It should be stressed that
although in most Mediterranean populationsb-thalassemia is
caused by several mutations of theb-globin gene,10 in the
Sardinian population a single mutation (Q39X) accounts for
.95% of theb-thalassemia chromosomes.11 Finally, in Sar-
dinia a vast proportion of the general population carries HLA
haplotypes that are very rare elsewhere and that might have
originated from a common ancestor (the founder effect).12

It is well established thatb-thalassemia has a major impact
on plasma lipids and lipoproteins. In severeb-thalassemia
(thalassemia major and intermedia), hypocholesterolemia
caused by a marked reduction of both LDL and HDL
cholesterol has been consistently reported13–15; in
b-thalassemia carriers (thalassemia minor), total and LDL
cholesterol levels tend to be lower than those found in age-
and sex-matched controls.15,16A wide study conducted in the
Sardinian population not only showed thatb-thalassemia
carriers have a lower total and LDL cholesterol than do
controls but also showed a small but significant reduction of
apoB and apoA-I levels and borderline changes in lipid and
protein composition in LDL and HDL.16,17 It has been
suggested that the mild hypocholesterolemia found in carriers
of b-thalassemia might contribute to the protection of these
individuals from the development of premature CAD.18–20

Retrospective studies showed that the prevalence of thalas-
semia carriers among patients with myocardial infarction was
much less than expected18 and that in Italian males with
b-thalassemia minor, myocardial infarction occurred'10
years later than in nonthalassemic subjects.20

The observed LDL-lowering effect ofb-thalassemia trait
raises the question as to whether this effect is maintained in
FH heterozygotes. We decided to investigate this problem in
Sardinian FH patients for the following reasons: (1) the
presence in Sardinia of a single mutation ofb-globin gene
(Q39X), a null allele with a strong biological effect (b0-
thalassemia), which accounts for 95% of Sardinian
b-thalassemia cases, and (2) the specific genetic background

of Sardinians (as outlined above), which led us to expect to
find a restricted number of mutations of the LDL-R gene in
Sardinian FH patients, thus allowing us to compare the FH
phenotype in a relatively large number of FH patients sharing
the same mutation at the LDL-R locus and carrying or not
carrying theb0-thalassemia trait.

Methods
Our original series of Sardinian FH patients included 63 unrelated
subjects (24 males and 39 females) with the clinical diagnosis of
heterozygous FH. Most of them were from the northern part of
Sardinia, and all were proven to stem from Sardinian ancestors living
in the island for$1 century. The clinical diagnosis of heterozygous
FH was based on the following criteria: (1) plasma LDL cholesterol
level above the 95th percentile of the distribution in the Sardinian
population, stratified for sex and age, (2) tendon xanthomatosis in the
proband or in at least one first-degree relative or the presence of
severe hypercholesterolemia in some children of the proband’s
family, and (3) identification of the LDL-R gene haplotype (at least
6 diallelic markers) cosegregating with hypercholesterolemia within
the family. Informed consent was obtained from the patients or, in
the case of children, from their parents. The study protocol was
approved by the institutional human investigation committee of each
participating institution.

Fasting plasma lipids were measured before any hypolipidemic
drug treatment. Total cholesterol, triglyceride, and HDL cholesterol
levels were measured enzymatically with commercial kits (Boeh-
ringer Mannheim GmbH) by use of an automated analyzer; LDL
cholesterol was calculated by Friedewald’s formula. Red blood cell
parameters, including reticulocyte count, were determined with a
Cell-Dyn 3500 system (Abbott); hemoglobin A2 was quantified by
the VARIANT Hemoglobin Testing system (Bio-Rad); and plasma
interleukin (IL)-6 was measured by ELISA (Amersham Pharmacia
Biotech).

SSCP Analysis of LDL-R Gene
Genomic DNA was extracted from peripheral blood leukocytes by a
standard procedure.21 Polymerase chain reaction (PCR) amplifica-
tions of the promoter region and exons 1 to 18 of the LDL-R gene
were carried out by using the primers reported by Hobbs et al2 in a
total volume of 50 mL containing 100 ng of genomic DNA,
10 mmol/L Tris-HCl, 50 mmol/L KCl, 1.5 mmol/L MgCl2, 100mmol
of each of the 4 nucleotides, 10 pmol of each primer, and 2 U of Taq
DNA polymerase. Single-strand conformation polymorphism
(SSCP) analysis was performed by using a vertical gel unit (Hoefer);
5 mL of PCR product was mixed with an equal amount of 95%
formamide, 20 mmol/L EDTA, 0.1% bromophenol blue, and 0.1%
xylene cyanol, denatured at 96°C for 5 minutes, snap-cooled in 4°C
ice water, and then loaded onto an 8% polyacrylamide gel containing
5% glycerol. Electrophoresis was performed at room temperature in
a standard Tris-borate-EDTA buffer, pH 8.0, at 150 V for 2 hours.
After electrophoresis, gels were stained with silver stain.

Direct Sequencing of DNA
The samples showing an abnormal SSCP pattern were sequenced by
using an automated fluorescent ABI Prism 310 Genetic Analyzer
(Applied Biosystem Inc) according to the manufacturer’s recommen-
dations. Mutations identified by automated sequencer were con-
firmed by manual sequencing22 with the use of appropriate primers.

Haplotype Analysis of LDL-R Locus
The intragenic haplotypes cosegregating with mutant alleles were
constructed by use of 10 diallelic markers associated with the LDL-R
gene. The genotyping was performed by using Southern blotting of
genomic DNA (BstEII, 59ApaLI , PvuII , and 39ApaLI), by restriction
enzyme digestion of amplified exons (StuI, HincII, AvaII, and 59
MspI), or by SSCP analysis (1413G/Ain exon 10,2635G/Ain exon
18).23–27
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Rapid Screening Methods for Detection of
Some Mutations
The rapid screening method for the D118N mutation, which elimi-
nates aDdeI site in exon 4, was based on the amplification of the 59
half of exon 4,2 followed by the digestion withDdeI. For the
screening of C255W and T413R mutations, we amplified exon 6 and
exon 9 by using 2 sense-mismatched primers: 59-
CTCTGGCTCTCACAGTGACACTCCG-39 and 59-CTGAGG-
AACGTGGTCGCTCTGGCC-39, respectively, and SP65 and SP7128

as antisense primers, respectively. In the presence of the mutation, these
mismatched primers introduce anMspI and anEcoRV cutting site in
exon 6 and exon 9, respectively. The mutation Fs572, caused by a G
deletion in exon 12, was easily detectable by heteroduplex analysis of
the amplified exon 12 on 10% polyacrylamide gel. In brief, 1mL of 0.25
mol/L EDTA was added to the amplification product, which was
submitted to the thermal treatment mentioned below to obtain comple-
tion of heteroduplex formation that was begun during PCR cycles. The
incubation conditions were 95°C for 3 minutes, followed by a slow
cooling to room temperature over a 40-minute period. Next, 8mL of the
product was mixed with 2mL of gel loading buffer and electrophoresed
on 10% polyacrylamide gel, which was made from a stock solution
containing acrylamide andN,N9-methylene-bis-acrylamide (49:1) in 13
Tris-borate-EDTA buffer. After the run (40 minutes at 180 V), the gel
was stained with ethidium bromide and UV-visualized. The C95R and
A378T mutations were screened by SSCP analysis and confirmed by
direct sequencing. The 31311 g.a mutation was screened with the use
of a mismatched primer, as suggested by Leren et al.29

Screening for Familial Defective ApoB-100
Familial defective apoB-100, resulting from R3500Q substitution in
apoB-100, was ruled out in all probands by using the method of
Motti et al.30

Screening for Mutation Q39X in b-Globin Gene
The presence of the Q39X mutation in theb-globin gene was
investigated in all FH families with the identified LDL-R gene
mutation by using the allele-specific amplification method.31

Screening for Mutations in a-Globin Gene
The presence of the most common mutations of thea-globin gene
present in the Mediterranean area were investigated in 1 homozygous
FH patient and his daughter by using a PCR-based method reported
by Foglietta et al.32

ApoE Genotyping
The apoE genotype was determined by PCR amplification of
genomic DNA according to the procedure of Hixon and Vernier.33

Statistical Evaluation
Lipid values were adjusted for mean age, sex, mean body mass index
(BMI), and apoE genotype by multiple linear regression analysis.
Lipid values were also adjusted for theb0-thalassemia carrier status.
We arbitrarily scored apoE genotypes as follows:e2/3 was scored 2,
e3/3 was 3, ande2/41e3/4 was 4 (e2/2 ande4/4 were not found in

our series); theb0-thalassemia carrier status was scored 1; and the
noncarrier status was scored 0. The comparison between FH subjects
with and without the Q39X mutation of theb-globin gene was
performed after adjustment for mean age, sex, mean BMI, and apoE
genotype and for the effect of each LDL-R gene mutation on lipid
values (ie, the lipid values for each mutation were adjusted to the
grand mean of the whole sample). BMI values were adjusted for sex
and age; IL-6 levels were adjusted for age.

The statistical significance of the differences between the means
of adjusted values was assessed by Studentt test for unpaired data.
A value of P,0.05 was considered significant.

Results
The systematic analysis of the LDL-R gene, which was
completed in 21 unrelated probands (20 heterozygotes and 1
homozygote), led to the identification of 7 point mutations of
this gene, 5 of which have not been reported previously
(Table 1).29,34–39By using rapid screening methods, we have
been able to collect several families carrying 2 specific
mutations, namely, 31311 g.a and Fs572. These 2 clusters
have been located in the eastern (31311 g.a) and the
western (Fs572) districts of northern Sardinia, respectively.

Unadjusted plasma total and LDL cholesterol levels found
in our FH patients (Table 2) were within the range previously
reported in molecularly defined FH heterozygotes, with the
possible exception of a single subject carrying the A378T
mutation, whose plasma total cholesterol and LDL cholester-
ol levels were 5.43 and 3.54 mmol/L, respectively. This subject
(a 14-year-old girl) was the daughter of a patient with severe
hypercholesterolemia (LDL cholesterol 10.11 mmol/L), consis-
tent with the diagnosis of heterozygous FH, who had developed
CAD at the age of 42 and underwent coronary bypass surgery
for single-vessel disease. DNA analysis revealed that this subject
was homozygous for the A378T mutation, whereas the LDL-R
activity in his skin fibroblasts was 55% of the value found in
control cell lines. One factor that might play a role in reducing
the clinical expression of FH in the A378T proband and his
daughter is the presence of a 3.7-kb deletion of one copy of the
a2-globin gene (22/2a3.7, a2-thalassemia carrier). It is likely
thata2-thalassemia trait reduces plasma LDL cholesterol as does
b0-thalassemia trait (see below).

Effect of b0-Thalassemia Trait on FH Phenotype
The systematic screening of the Q39X mutation of the
b-globin gene in all probands and their FH relatives with
identified mutations of the LDL-R gene revealed the presence
of 19 carriers of theb-globin gene mutation of 73 FH subjects
investigated. The distribution of theb-thalassemia carriers

TABLE 1. Mutations of LDL-R Gene Causing FH in Northern Sardinia

Exon/Intron
Nucleotide Position

in cDNA
Codon/Intron

Change
Mutation

Designation

Newly or Previously Detected
Mutation by Population and

Reference No.

Intron 3 31311 g.a Aberrant splicing FH Elverum Norwegian,29 Dutch,34 English,35

Danish,36 Swedish,37 and Korean38

Exon 4 346T.C C95R FH Alghero Spanish39

Exon 4 415 G.A D118N FH Sassari-2 New

Exon 6 828C.G C255W FH Sassari-3 New

Exon 9 1195G.A A378T FH Nuoro New

Exon 9 1301C.G T413R FH Sassari-4 New

Exon 12 1778delG Fs572.Term643 FH Sassari-1 New
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was as follows: 3 cases in 2 families with the 31311 g.a
mutation, 4 cases in a single family with the C95R mutation,
and 12 cases in 2 families with the Fs572 mutation. In
addition, in 1 family with Fs572, 1 FH subject was homozy-
gous for the Q39X mutation of theb-globin gene (b-
thalassemia major). The hematologic parameters of these FH
patients with and withoutb0-thalassemia trait are shown in
Table 3.

The FH heterozygote withb-thalassemia major was a
27-year-old female in a good clinical state who had been
receiving red blood cell transfusions since infancy ('36
transfusions per year). Her hematologic parameters are shown
in Table 3. All routine laboratory tests (blood glucose,
prothrombin time, blood urea nitrogen, serum creatinine,
alanine aminotransferase, aspartate aminotransferase,
g-glutamyl transpeptidase, alkaline phosphatase, albumin,
and fibrinogen) were within the normal range. Serum biliru-
bin was 1.4 mg/dL; serum iron, 195mg/dL; and ferritin, 1435
mg/dL. At the age of 10 years, she had had hepatitis B, from
which she fully recovered. Liver ultrasound examination did
not reveal abnormalities in organ size and structure.

To ascertain the effect ofb0-thalassemia trait on FH
phenotype, we compared plasma lipids betweenb0-
thalassemia carriers and noncarriers in the Fs572 cluster.
After adjustment for age, sex, BMI, and apoE genotype

(e3e3, n537; e3e4, n53), plasma total and LDL cholesterol
levels in b0-thalassemia carriers were 27% and 30% lower
than those in noncarriers (Table 4).b0-Thalassemia trait had
no effect on HDL cholesterol and triglyceride levels (Table
4). In the FH patient affected by thalassemia major, plasma
total and LDL cholesterol levels were below the 50th percen-
tile of the distribution in subjects of the same sex and age
from the general population.

In view of the LDL-lowering effect associated with the
b0-thalassemia trait observed in the Fs572 cluster, we decided
to adjust the lipid values found in all FH patients not only for
age, sex, BMI, and apoE genotype but also for the presence of
b0-thalassemia. This adjustment was adopted to eliminate the
interference of these parameters with the effect of LDL-R
mutation per se on the plasma lipid profile. The adjusted lipid
values are shown in Table 5. The analysis of these data
allowed us a more accurate comparison of the phenotypic
expression of FH in the 2 clusters identified in our series.
Carriers of the Fs572 mutation were found to have higher
total and LDL cholesterol levels than carriers of the 31311
g.a mutation. These differences are not so striking in the
unadjusted lipid data shown in Table 2 because of the uneven
number ofb0-thalassemia carriers in the 2 clusters.

To define the effect of theb0-thalassemia trait on plasma
lipids in all FH subjects, regardless of the type of LDL-R

TABLE 2. Clinical Features of FH Subjects With Identified Mutations of LDL-R Gene

Mutation
No. of

Families No. of Subjects

Mean6SD, mmol/L
No. of Families

With Clinical Feature

TC LDL-C HDL-C TG Tx pCAD

31311 g.a 7 20 Het (7 M, 13 F) 8.3761.71 6.5161.69 1.2160.24 1.4460.86 0 1

C95R 1 6 Het (3 M, 3 F) 8.2861.26 6.7261.36 1.0360.15 1.1760.50 0 0

D118N 2 4 Het (2 M, 2 F) 8.6461.06 6.8261.24 0.8960.38 2.1560.97 1 2

C255W 1 1 Het (1 F) 10.57 9.07 1.06 1.21 1 0

A378T 1 1 Hom (1 M) 11.74 10.11 0.98 1.43 1 1

1 Het (1 F) 5.43 3.54 1.24 1.80

T413R 1 1 Het (1 F) 12.93 11.53 0.88 1.13 1 1

Fs572 8 39 Het (12 M, 27 F) 9.1962.31 7.5662.19 1.1560.23 1.1060.62 7 6

TC indicates total cholesterol; LDL-C, LDL cholesterol; HDL-C, HDL cholesterol; TG, triglyceride; Tx, tendon xanthomatosis; pCAD, premature CAD
(before 55 y in males or 65 y in females); Het, heterozygote; Hom, homozygote; M, male; and F, female. One patient heterozygous for Fs572 and
homozygous for Q39X mutation of the b-globin gene is not included in the table.

TABLE 3. Hematological Parameters of FH Patients With and Without b0-Thalassemia

Males Females

P

*b0-Thalassemia
Homozygote

(n51)
Noncarriers

(n516)
Carriers
(n58)

Noncarriers
(n536)

Carriers
(n511)

RBC, 3106/mL 5.0760.37 6.3060.45 ,0.001 4.8660.32 5.8260.16 ,0.001 4.46

Hb, g/dL 14.460.6 13.561.0 ,0.001 13.960.9 11.860.7 ,0.001 13.20

Ht, % 42.362.0 41.863.5 ,0.001 40.962.9 36.361.6 ,0.001 37.60

Reticulocytes, % 1.4460.13 2.0160.10 ,0.001 1.4360.18 1.9460.12 ,0.001 0.27

MCV, fL 83.964.6 66.163.4 0.001 84.665.4 62.362.5 ,0.001 84.40

MCH, pg 28.562.0 21.461.4 ,0.001 28.761.9 20.260.9 ,0.001 29.70

MCHC, g/dL 34.061.2 32.460.7 ,0.05 33.960.9 32.561.2 0.001 35.20

HbA2, % 2.4560.57 5.0761.15 ,0.001 2.6760.29 5.6760.49 ,0.001 2.90

RBC indicates red blood cell; Hb, hemoglobin; Ht, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular Hb; and
MCHC, mean corpuscular Hb concentration.

*RBC transfusions every 10–12 d.
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mutation, we arbitrarily adjusted plasma lipids for age, sex,
BMI, and apoE genotype (e2/3, n55; e2/4, n52; e3/3, n556;
ande3/4, n58) as well as for the effect of the LDL-R gene
mutations (see Methods for details). This analysis showed
that plasma total and LDL cholesterol levels in FH patients
with b0-thalassemia trait were 23% and 27% lower than those
observed in FH patients withoutb0-thalassemia. In absolute
terms, this corresponds to a reduction of'2.0 mmol/L of
total and LDL cholesterol (Table 6). In addition, we looked at
the effect ofb0-thalassemia in all unrelated FH heterozygotes
of our series (62 subjects), with and without identified
mutations of the LDL-R gene. In carriers ofb0-thalassemia,
plasma total and LDL cholesterol levels were 74% and 68%,
respectively, of the values observed in noncarriers (Table 7).

Clinical Features of FH
We tried to quantify the prevalence of tendon xanthomatosis
and premature CAD in the families belonging to the 2 clusters
identified in the present study. Families were considered
positive for tendon xanthomatosis and premature CAD if one
or both these clinical features were present in at least 1 family
member (Table 2). For this comparison, we considered only
FH subjects.40 years of age (because tendon xanthomatosis
and premature CAD usually occur after that age) who were
not carriers of theb0-thalassemia trait. Cluster Fs572 included
15 FH subjects (mean age 56.8 years) belonging to 8 families
(1.87 subjects per family). Nine (60%) of these subjects had
tendon xanthomatosis, and 7 (47%) had premature CAD.
Cluster 31311 g.a included 12 FH subjects (mean age 59.3
years) belonging to 7 families (1.71 subjects per family).
None of them had tendon xanthomatosis, and only 1 (8%) had
premature CAD. These findings, in addition to the higher

LDL cholesterol level found in Fs572 carriers (Table 5),
strongly suggest that the latter mutation is more severe than
the 31311 g.a mutation.

Haplotypes Cosegregating With 31311 g>a and
Fs572 Mutations
Intragenic haplotype analysis showed that the 31311 g.a
mutation cosegregated with haplotype A in 4 families and
with haplotype B in 3 families. Haplotype A was as follows:
StuI (1), G/A nt 1413(G), HincII (2), AvaII (1), MspI 59
(1), ApaLI 59 (1), PvuII (2), NcoI (1), andApaLI 39 (1).
Haplotype B was as follows:StuI (1), G/A nt 1413(A),
HincII (1), AvaII (2), MspI 59 (2), ApaLI 59 (2), PvuII (1),
NcoI (1), andApaLI 39 (1).

The Fs572 mutation cosegregated with a single haplotype
in all families. This haplotype was as follows:StuI (1), G/A
nt 1413(G), HincII (2), BstEII (2), AvaII (1), MspI 59 (1),
ApaLI 59 (1), PvuII (2), G/A nt 2635(A), andApaLI 39 (1).

Discussion
In a group of 63 FH probands of Sardinian ancestry, we
identified 21 unrelated FH patients carrying 7 mutations of
the LDL-R gene (Table 1). Against our predictions, these
findings suggest that in Sardinians, as in other populations,
FH is caused by many mutations of the LDL-R gene. In the
present study, we have been able to investigate the clinical
phenotype of 71 molecularly defined FH heterozygotes (52 of
whom belonged to 2 major clusters of mutations: 31311 g.a
and Fs572) and to demonstrate the LDL-lowering effect of
b0-thalassemia. The analysis of the 2 clusters deserves some
consideration.

TABLE 4. Plasma Lipid Values in Heterozygous FH Subjects With Fs572 Mutation
of LDL-R Gene With and Without Q39X Mutation in b-Globin Gene

Noncarriers
(n527)

Q39X Heterozygotes
(n512) P

Q39X Homozygote
(n51)

BMI, kg/m2 22.762.5 22.362.3 NS 18.7

TC, mmol/L 9.9661.71 7.2560.99 ,0.001 3.67

LDL-C, mmol/L 8.2561.66 5.7661.08 ,0.001 2.61

HDL-C, mmol/L 1.1960.21 1.1060.23 NS 0.67

TG, mmol/L 1.2060.51 0.8660.61 NS 0.87

BMI values (mean6SD) are adjusted for sex and age; lipid values (mean6SD) are adjusted for age,
sex, BMI, and apoE genotype. NS indicates not significant.

TABLE 5. Clinical Features and Lipid Parameters of Heterozygous FH Subjects With Identified
Mutations of LDL-R Gene

Mutation
No. of

Families
No. of Heterozygous

Subjects

Mean6SD, mmol/L

TC LDL-C HDL-C TG

31311
g.a

7 20 8.4861.50* 6.6361.44* 1.2260.19 1.4560.61

C95R 1 6 9.8760.64 8.2860.59 1.0760.12 1.1860.41

D118N 2 4 8.8660.76 7.0461.03 0.9460.33 2.0160.53

C255W 1 1 10.20 8.70 1.00 1.26

T413R 1 1 12.29 11.02 0.86 0.90

Fs572 8 39 10.0361.57 8.3661.55 1.1660.23 1.1860.55

Lipid values are adjusted for age, sex, BMI, apoE genotype, and b0-thalassemia carrier status.
*P,0.01 vs Fs572.
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The 31311 g.a in intron 3, which is associated with a
receptor-defective phenotype,35 was first reported in FH patients
from Norway (FH Elverum),29 and it was subsequently observed
in other populations.34–38One of the interesting clinical features
of the Sardinian patients with the 31311 g.a mutation is the
relatively mild elevation of LDL cholesterol (6.5161.69
mmol/L) compared with the corresponding value found in
Norwegian patients (7.9661.65 mmol/L).40 This difference,
which is not explained by the presence ofb0-thalassemia carriers
among the Sardinian patients (only 3 of 20 of these patients were
b0-thalassemia carriers), suggests that other genetic or environ-
mental factors have a strong influence on the phenotypic
expression of this mutation.

The Fs572 mutation in exon 12 (FH Sassari-1) is a novel
mutation consisting of a single nucleotide deletion, which
leads to the formation of a truncated protein of 642 amino
acids (receptor-negative phenotype). Compared with the pa-
tients with the 31311 g.a mutation, Fs572 subjects have
higher total and LDL cholesterol levels and a higher preva-
lence of tendon xanthomatosis and premature CAD (Tables 2
and 5).

In the present study, we have had the chance to ascertain
whether the mild LDL-lowering effect produced by the
b0-thalassemia trait in the general population of Sardinia16

was still effective in heterozygous FH. Because different
LDL-R mutations are associated with different phenotypic
expression of FH (producing a mild, moderate, or severe
phenotype),41 at first we looked at the patients carrying the

same LDL-R mutation (ie, Fs572, FH Sassari-1), which is
expected to result in a receptor-negative phenotype. We then
determined that the phenotypic expression of FH Sassari-1 is
strongly affected by the presence of a specific mutation of the
b-globin gene (Q39X), known to causeb0-thalassemia in the
homozygous state (b0 39). The mean LDL cholesterol level in
FH patients who areb0-thalassemia carriers was 30% lower
than that observed in the patients without theb0-thalassemia
trait (Table 4). Further evidence of this LDL-lowering effect
is given by the observation of an FH patient heterozygous for
FH Sassari-1 who was affected byb0-thalassemia major.
Plasma LDL cholesterol of this patient, who had no clinical or
laboratory signs of liver disease (a condition that might have
reduced the hepatic production of apoB-containing lipopro-
teins), was much lower than that observed in the FH patients
of the same cluster and was below the mean LDL cholesterol
level found in the Sardinian population. A similar LDL-
lowering effect induced byb0-thalassemia trait was observed
when all FH patients with identified mutations of the LDL-R
gene were considered together (Table 6) and when we
analyzed the entire group of 62 unrelated FH subjects,
irrespective of whether the molecular defect of LDL-R gene
had been identified (Table 7).

Two major mechanisms might account for the LDL-
lowering effect of b0-thalassemia in FH. First, the mild
anemia, frequently observed inb0-thalassemia carriers42 and
documented in Table 3, is expected to induce the secretion of
erythropoietin, which stimulates the differentiation of the
erythroid progenitor cells in the bone marrow and promotes
their proliferation, leading to a mild erythroid hyperplasia.42

Because cell proliferation is associated with an increased
requirement for cholesterol, as documented in several cell
systems in vitro,43–49 one way to meet these requirements is
to increase the expression of the LDL-R (ie, the number of the
LDL-Rs on the cell surface).43–49 In this context, it is
reasonable to assume that in heterozygous FH withb0-
thalassemia trait, the proliferation of erythroid progenitor
cells might be associated with an overexpression of the
normal LDL-R allele. The combined effect of erythroid
hyperplasia and the increased number of wild-type LDL-R
per cell might increase the receptor-mediated removal of
plasma LDL in the bone marrow, thus reducing the expected
elevation of plasma LDL caused by the presence of a mutant
allele of the LDL-R gene. A similar overexpression of the
LDL-R has been postulated to cause hypocholesterolemia in
patients with some forms of leukemia or myeloproliferative
disorders.50–53

The second mechanism may be related to the activation of
the monocyte/macrophage system in various districts of the
body. Erythrokinetic measurements indicate that inb0-
thalassemia carriers, red blood cell survival is slightly short-
ened, presumably because abnormal red blood cells (aniso-
poikilocytosis) are removed more rapidly from the circulation
by the macrophages in spleen, bone marrow, and liver.42 This
chronic mild activation of the macrophage system might be
associated with an increased release of some cytokines,
generating a situation similar to that found in a mild chronic
inflammation. It is well established that chronic inflammation
causes hypocholesterolemia through a reduction of LDL and,
to some extent, HDL.54 There is evidence that some cytokines
like, IL-1, IL-6, and tumor necrosis factor-a, may contribute

TABLE 6. Plasma Lipids in Heterozygous FH Subjects With
and Without Q39X Mutation of b-Globin Gene

Noncarriers
(n552)

Heterozygous
Carriers
(n519) P

BMI, kg/m2 22.863.0 22.963.8 NS

TC, mmol/L 9.4861.73 7.2761.08 ,0.001

LDL-C, mmol/L 7.7861.53 5.6461.16 ,0.001

HDL-C, mmol/L 1.1560.19 1.1260.25 NS

TG, mmol/L 1.3060.52 1.1960.59 NS

BMI values (mean6SD) are adjusted for age and sex; lipid values
(mean6SD) are adjusted for age, sex, BMI, and apoE genotype and for effect
of LDL-R gene mutations. The patient heterozygous for A378T mutation and
carrier of a-thalassemia trait and the patient heterozygous for Fs572 mutation
and affected by b0-thalassemia major were not included.

TABLE 7. Plasma Lipids in Unrelated Heterozygous FH With
and Without Q39X Mutation of b-Globin Gene

Noncarriers
(n547; 18 M,

29 F)
Heterozygous Carriers

(n515; 5 M, 10 F) P

TC, mmol/L 9.9361.46 7.3060.80 ,0.001

LDL-C, mmol/L 8.0661.51 5.4460.88 ,0.001

HDL-C, mmol/L 1.2160.28 1.3160.26 NS

TG, mmol/L 1.4760.49 1.2760.47 NS

IL-6, pg/mL 2.0660.42 3.3060.46 ,0.001

Lipid values (mean6SD) are adjusted for age, sex, and BMI; Il-6 values
(mean6SD) are adjusted for age. The patient homozygous for A378T mutation
(Table 2) was not included.
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to these lipoprotein changes.54 In HepG2 cells, the effect of
these cytokines is 2-fold: they reduce the secretion of apoB-
containing lipoproteins and increase the expression of the
LDL-R.55–58The observation that in our probands the plasma
levels of IL-6 was higher inb0-thalassemia carriers than in
noncarriers (Table 7) and the previous report of an increased
tumor necrosis factor-a in b0-thalassemia homozygous pa-
tients59 indicate that the overproduction of some cytokines by
macrophages is a plausible mechanism for the LDL-lowering
effect of b0-thalassemia.

The LDL-lowering effect ofb0-thalassemia trait in het-
erozygous FH raises the question as to whether this effect
might slow down the progression of coronary atherosclerosis
and delay the occurrence of myocardial infarction. The
answer to this question requires a well-designed prospective
study of a large number of molecularly defined FH patients
with and without theb0-thalassemia trait.

Acknowledgments
This study was supported by grants from the Regione Autonoma
della Sardegna and by MURST. We thank Dr S. Pettinato, Director
of Laboratory Unit, ASL No. 1 of Sassari, and A. Petrazzini, Director
of Clinical Nutrition Center, ASL No. 3 of Nuoro, for
patient referrals.

References
1. Goldstein JL, Hobbs HH, Brown MS. Familial hypercholesterolemia. In:

Scriver CR, Beaudet AL, Sly WS, Valle I, eds.The Metabolic and
Molecular Bases of Inherited Disease. 7th ed. New York, NY: McGraw-
Hill; 1995:1981–2030.

2. Hobbs HH, Brown MS, Goldstein JL. Molecular genetics of the LDL
receptor gene in familial hypercholesterolemia.Hum Mutat. 1992;1:
445–466.

3. Piazza A. Who are the Europeans?Science. 1993;260:1767–1769.
4. Spoor CF, Sondaar PY. Human fossils from the endemic island fauna of

Sardinia.J Hum Evol. 1986;15:399–408.
5. Giancheddu A, Demelia L, Puggioni G, Nurchi AM, Contu L, Pirari G,

Deplano A, Rachele MG. Epidemiologic study of hepatolenticular degen-
eration (Wilson’s disease) in Sardinia (1902–1983).Acta Neurol Scand.
1985;72:43–55.

6. Figus A, Angius A, Loudianos G, Bertini C, Dessı` V, Loi A, Deiana M,
Lovicu M, Olla N, Sole G. Molecular pathology and haplotype analysis
of Wilson disease in Mediterranean populations.Am J Hum Genet.
1995;57:1318–1324.

7. Muntoni S, Songini M. High incidence rate of IDDM in Sardinia: Sar-
dinian collaborative group for the epidemiology of IDDM.Diabetes
Care. 1992;15:1317–1322.

8. Cao A, Galanello R, Furbetta M, Muroni PP, Garbato L, Rosatelli C,
Scalas MT, Addis M, Ruggieri R, Maccioni L, Melis MA. Thalassemia
types and their incidence in Sardinia.J Med Genet. 1978;15:443–447.

9. Luzzatto L, Mehta A. Glucose 6-phosphate dehydrogenase deficiency. In:
Scriver CR, Beaudet AL, Sly WS, Valle D, eds.The Metabolic and
Molecular Bases of Inherited Disease.7th ed. New York, NY:
McGraw-Hill; 1995:3367–3398.

10. Cao A, Gossens M, Pirastu M. Beta thalassemia mutations in Mediter-
ranean populations.Br J Haematol. 1989;71:309–312.

11. Rosatelli MC, Dozy A, Faa` V, Meloni A, Sardu R, Saba L, Kan YW, Cao
A. Molecular characterisation of beta-thalassemia in Sardinian popu-
lation. Am J Hum Genet. 1992;50:422–426.

12. Contu L, Arras M, Carcassi C, La Nasa G, Mulargia M. HLA structure of
the Sardinian population: a haplotype study of 551 families.Tissue
Antigens. 1992;40:165–174.

13. Giardini O, Murgia F, Martino F, Mannarino O, Corrado G, Maggioni G.
Serum lipid pattern inb-thalassemia.Acta Haematol. 1978;60:100–107.

14. Maioli M, Cuccuru GB, Pranzetti P, Pacifico A, Cherchi GM. Plasma
lipids and lipoproteins pattern in beta-thalassemia.Acta Haematol. 1984;
71:106–110.

15. Goldfarb AW, Eliezer A, Rachmilewitz A, Eisenberg S. Abnormal low
and high density lipoproteins in homozygous beta-thalassaemia.Br J
Haematol. 1991;79:481–486.

16. Maioli M, Pettinato S, Cherchi GM, Giraudi D, Pacifico A, Pupita G,
Tidore MGB. Plasma lipids in beta-thalassemia minor.Atherosclerosis.
1989;75:245–248.

17. Maioli M, Vigna GB, Tonolo G, Brizzi P, Ciccarese M, Donega P, Maioli
M, Fellin R. Plasma lipoprotein composition, apolipoprotein(a) concen-
tration and isoforms inb-thalassemia.Atherosclerosis. 1997;131:
127–133.

18. Wang C-H, Schilling RF. Myocardial infarction and thalassemia trait: an
example of heterozygote advantage.Am J Hematol. 1995;49:73–75.

19. Tassiopoulos T, Stamateolos G, Zakopoulos N, Fessas P, Eliopoulos GD.
Low incidence of acute myocardial infarction in beta-thalassaemia trait
carriers.Haematologia. 1995;26:199–203.

20. Gallerani M, Scapolis C, Cicognani I, Ricci A, Martinelli L, Cappato R,
Manfredini R, Dall’Ara G, Faggioli M, Pareschi PL. Thalassemia trait
and myocardial infarction: low infarction incidence in male subjects
confirmed.J Intern Med. 1991;230:109–111.

21. Sambrook J, Fritsch EF, Maniatis T.Molecular Cloning: A Laboratory
Manual. 2nd ed. Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press; 1989.

22. Patel DD, Lelli N, Garuti R, Li Volti S, Bertolini S, Knight BL, Calandra
S. Analysis of two duplications of the LDL receptor gene affecting
intracellular transport, catabolism, and surface binding of the LDL
receptor.J Lipid Res. 1998;39:1466–1475.

23. Bertolini S, Coviello DA, Masturzo P, Zucchetto E, Elicio N, Balestreri
R, Orecchini G, Calandra S, Humphries S. RFLPs of the LDL-receptor
gene: their use in the diagnosis of FH and in evaluation of different levels
of gene expression on normal subjects.Eur J Epidemiol.1992(8 suppl
1):18–25.

24. Humphries S, King-Underwood L, Gudnason V, Seed M, Delattre S,
Clavey V, Fruchart J-C. Six DNA polymorphisms in the low density
lipoprotein receptor gene: their genetic relationship and an example of
their use for identifying affected relatives of patients with familial hy-
percholesterolemia.J Med Genet. 1993;30:273–279.

25. Saint-Jore B, Loux N, Junien C, Boileau C. Two new polymorphisms in
the coding sequence of the LDL receptor (LDLR) gene.Hum Genet.
1993;91:511–512.

26. Warnich L, Kotze MJ, Langenhoven E, Retief AE. Detection of a
frequent polymorphism in exon 10 of the low-density lipoprotein receptor
gene.Hum Genet. 1992;89:362.

27. Yamakawa-Kobayashi K, Kobayashi T, Obara T, Hamaguchi H. Four
new nucleotide sequence polymorphisms in the LDL receptor gene
detected by SSCP analysis.Hum Genet. 1993;92:76–78.

28. Leitersdorf E, Tobin FJ, Davignon J, Hobbs HH. Common low-density
lipoprotein receptor mutations in the French Canadian population.J Clin
Invest. 1990;85:1014–1023.

29. Leren TP, Solberg K, Rodningen OK, Tonstad S, Ose L. Two founder
mutations in the LDL receptor gene in Norwegian familial hypercholes-
terolemia subjects.Atherosclerosis. 1994;111:175–182.

30. Motti C, Funke H, Rust S, Dergunov A, Assmann G. Using mutagenic
polymerase chain reaction primers to detect carriers of familial defective
apolipoprotein B-100.Clin Chem. 1991;37:1762–1766.

31. Rosatelli MC. Diagnosi molecolare delleb-talassemie.Biochim Clin.
1995;19:885–893.

32. Foglietta E, Deidda G, Graziani B, Modiano G, Bianco I. Detection of
a-globin gene disorders by a simple PCR methodology.Haematologica.
1996;81:387–396.

33. Hixson JE, Vernier DT. Restriction isotyping of human apolipoprotein E
by gene amplification and cleavage with HhaI.J Lipid Res.1990;31:
545–548.

34. Lombardi P, Sijbrands EJG, van de Giessen K, Smelt AHM, Kastelein
JJP, Frants RR, Havekes LM. Mutations in the low density lipoprotein
receptor gene of familial hypercholesterolemic patients detected by dena-
turing gradient gel electrophoresis and direct sequencing.J Lipid Res.
1995;36:860–867.

35. Sun XM, Patel DD, Bhatnagar D, Knight BL, Soutar AK. Characteri-
sation of a splice-site mutation in the gene for the LDL receptor asso-
ciated with an unpredictably severe clinical phenotype in English patients
with heterozygous FH.Arterioscler Thromb Vasc Biol. 1995;15:
219–227.

36. Jensen HK, Jensen LG, Hansen PS, Faegerman O, Gregersen N. Two
point mutations (31311 G.A and 31311 G.T) in the splice donor site
of intron 3 of the low density lipoprotein receptor gene are associated
with familial hypercholesterolemia.Hum Mutat. 1996;7:269–271.

37. Lind S, Eriksson M, Rystedt E, Wiklund O, Angelin B, Eggertsen G. Low
frequency of the common Norwegian and Finnish LDL-receptor
mutations in Swedish patients with familial hypercholesterolemia.
J Intern Med. 1998;244:19–25.

242 Arterioscler Thromb Vasc Biol. January 2000

D
ow

nloaded from
 http://ahajournals.org by on February 6, 2023



38. Chae J, Kim SH, Hong SS, Park YB, Lee CC, Namkoong Y. The
screening for small rearrangements and point mutations of the LDL
receptor gene in the Korean patients with familial hypercholesterolemia.
Am J Hum Genet. 1997;(suppl 61):A409. Abstract.

39. Cenarro A, Jensen HK, Casao E, Civeira F, Gonzales-Bonillo J,
Rodriguez-Rey JC, Gregersen N, Pocovi M. Identification of recurrent
and novel mutations in the LDL receptor gene in Spanish patients with
familial hypercholesterolemia.Hum Mutat.1998;11:413. Abstract.

40. Leren TP, Tonstad S, Gundersen KE, Bakken KS, Rodningen OK,
Sundvold H, Ose L, Berg K. Molecular genetics of familial hypercholes-
terolemia in Norway.J Intern Med. 1997;241:185–194.

41. Bertolini S, Cassanelli R, Garuti M, Ghisellini M, Simone ML, Rolleri M,
Mastruzo P, Calandra S. Analysis of LDL receptor gene mutations in
Italian patients with homozygous familial hypercholesterolemia.Arte-
rioscler Thromb Vasc Biol. 1999;19:408–418.

42. Lukens JN. The thalassemias and related disorders: quantitative disorders
of hemoglobin synthesis. In: Lee GR, Bithell TC, Foerster J, Athens JW,
Lukens JN, eds.Wintrobe’s Clinical Hematology.Philadelphia, Pa: Lea
& Febiger; 1993:1102–1145.

43. Ho YK, Graham Smith R, Brown MS, Goldstein JL. Low-density
lipoprotein (LDL) receptor activity in human acute myelogenous
leukemia cells.Blood. 1978;52:1099–1114.

44. Davies PF, Kerr C. Modification of low density lipoprotein metabolism
by growth factors in cultured vascular cells and human skin fibroblasts.
Biochim Biophys Acta. 1982;712:26–32.

45. Chait A, Ross R, Bierman EL. Stimulation of receptor-dependent and
receptor-independent pathways of low density lipoprotein degradation in
arterial smooth muscle cells by platelet-derived growth factor.Biochim
Biophys Acta. 1988;960:183–189.

46. Mazzone T, Basheeruddin K, Ping L, Frazer S, Getz GS. Mechanism of
the growth-related activation of the low density lipoprotein receptor
pathway.J Biol Chem. 1989;264:1787–1792.

47. Cuthbert JA, Lipsky PE. Mitogenic stimulation alters the regulation of
LDL receptor gene expression in human lymphocytes.J Lipid Res.
1990;31:2067–2078.

48. Nicholson AC, Hajjar DP. Transforming growth factor-b up-regulates
low density lipoprotein receptor-mediated cholesterol metabolism in
vascular smooth muscle cells.J Biol Chem. 1992;267:25982–25987.

49. Hsu H-Y, Nicholson AC, Hajjar DP. Basic fibroblast growth factor-
induced low density lipoprotein receptor transcription and surface
expression.J Biol Chem. 1994;269:9213–9220.

50. Vitols S, Bjorkholm M, Gahrton G, Peterson C. Hypocholesterolemia in
malignancy due to elevated low density lipoprotein receptor activity in
tumor cells: evidence from studies in patients with leukemia.Lancet.
1985;2:1150–1154.

51. Vitols S, Angelin B, Ericsson S, Gahrton G, Juliusson G, Masquelier M,
Paul C, Peterson C, Rudling M, Soderberg-Reid K, Tidefelt U. Uptake of
low density lipoproteins by human leukemic cells in vivo: relation to
plasma lipoprotein levels and possible relevance for selective chemo-
therapy.Proc Natl Acad Sci U S A.1990;87:2598–2602.

52. Vitols S, Norgren S, Juliusson G, Tatidis L, Luthman H. Multilevel
regulation of low density lipoprotein receptor and 3-hydroxy-3-
methylglutaryl coenzyme A reductase gene expression in normal and
leukemic cells.Blood. 1994;84:2689–2698.

53. Tatidis L, Gruber A, Vitols S. Decreased feedback regulation of low
density lipoprotein receptor activity by sterols in leukemic cells from
patients with acute myelogenous leukemia.J Lipid Res. 1997;38:
2436–2445.

54. Hardardottir I, Grunfeld C, Feingold KR. Effects of endotoxin and cyto-
kines on lipid metabolism.Curr Opin Lipidol. 1994;5:207–215.

55. Moorby CD, Gherardi E, Dovey L, Godliman C, Bowyer DE. Trans-
forming growth factor-b1 and interleukin-1bb stimulate LDL receptor
activity in HepG2 cells.Atherosclerosis. 1992;97:21–28.

56. Stopeck AT, Nicholson AC, Mancini FP, Hajiar DP. Cytokine regulation
of low density lipoprotein receptor gene transcription in HepG2 cells.
J Biol Chem. 1993;268:17489–17494.

57. Ettinger WH, Varma VK, Sorci-Thomas M, Parks JS, Sigmon RC, Smith
TK, Verdery RB. Cytokines decrease apolipoprotein accumulation in
medium from HepG2 cells.Arterioscler Thromb. 1994;14:8–13.

58. Yokoyama K, Ishibashi T, Yi-Quiang L, Nagayoshi A, Teramoto T,
Maruyama Y. Interleukin-1b and interleukin 6 increase levels of apoli-
poprotein B mRNA and decrease accumulation of its protein in culture
medium of HepG2 cells.J Lipid Res. 1998;39:103–113.

59. Lombardi G, Matera R, Minervini MM, Casciavilla N, D’Arcangelo P,
Carotenuto M, Di Giorgio G, Musto P. Serum levels of cytokines and
soluble antigens in polytransfused patients withb-thalassemia major:
relationship to immune status.Haematologica. 1994;79:406–412.

Deiana et al b0-Thalassemia and Familial Hypercholesterolemia 243

D
ow

nloaded from
 http://ahajournals.org by on February 6, 2023


