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Abstract

NEUROBIOL AGING. In the present study we analysed the genotype of HFE, the gene involved in hemochromatosis, in 107 patient
with sporadic late-onset AD and in 99 age-matched non-demented controls. We observed that patients carrying the mutant HFE-H63D all
had a mean age at onset of 7176.0 years versus 766 5.8 years of those who were homozygous for the wild-type allele (p001).

The frequency of the HFE-H63D mutation was highest (0.22) in the patients<ag@dears at the time of disease onset, whereas it was
0.12 in those with disease onset at an age of 70—80 years, and 0.04 in those aged more than 80 years. The APOE genotype did
significantly modify the effect of HFE on age at onset. We conclude that mild disturbances of iron homeostasis associated with a commc
genetic determinant may interact with other pathogenic mechanisms involved in AD. HFE mutations may anticipate AD clinical presentatio
in susceptible individuals. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction iron in amyloid plaques and neurofibrillary tangles [33], and
the demonstration that iron facilitates the aggregation of
Various lines of evidence suggest that Alzheimer’s dis- B-amyloid peptide [7,17] and increasgsamyloid toxicity
ease (AD) is not a single disease but a clinical syndrome due[30]. Increased amounts of loosely bound iron have been
to different genetic and environmental factors leading to a detected in brain samples taken from AD patients [15]. The
relatively uniform clinical and histopathological appearance discovery of HFE [12], a protein that plays a key role in the
[35]. The recognised genetic factors include mutations of regulation of body iron, and of HFE gene mutations causing
the genes encoding the amyloid precursor protein [14] and genetic hemochromatosis has opened up new perspectives
presenilin 1 and 2 [16,31], which are responsible for a small in the study of the relationship between iron and AD. The
proportion of familial and usually early-onset AD cases. A known function of HFE is to complex the transferrin recep-
fourth gene encoding apolipoprotein E (APOE) is also im- tor on the cell membrane and lowering its affinity for iron-
plicated in the risk of developing the disease [4,23,29,36]. bound transferrin [13]. Hemochromatosis is the most com-
However, although APOE4 is a major risk factor for AD, mon inherited monogenic disorder in people of European
it is neither necessary nor sufficient for the development of descent. It is characterised by an inappropriately increased
the disease and the presence of other genetic or acquiredbsorption of dietary iron that leads to excess iron deposi-
factors has been postulated. tion in various tissues and organs [24]; it is inherited as an
In vitro and pathological observations have led to the autosomal recessive trait linked to the major histocompati-
hypothesis that iron may play a role in the pathogenesis of bility complex on the short arm of chromosome 6. Although
AD, possibly through free-radical production [33,34]. The severe iron overload is typical of homozygous hemochro-
“iron hypothesis” is further supported by the presence of matosis, minor modifications of serum iron, transferrin-
saturation and serum ferritin can also be observed in a
* Corresponding author. Tel.:-39 02546 5571; fax+39 02551  raction of heterozygotes, but very rarely they give rise to
80241. complications [6]. However, the mild modifications of iron
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ence the severity and clinical evolution of heterogeneous
conditions such as hepatitis [32], porphyria cutanea tarda
[27] and cardiovascular disease [26]. Two common mis-
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Table 1

Frequencies of alleles at the APOE( €3, €4) and HFE loci in 107
patients with sporadic late onset Alzheimer’s disease and in 99 control
subjects. Y282 and D63 identify the two common mutations associated

sense HFE gene mutations have been associated with hemQg;t genetic hemochromatosis.

chromatosis: a large proportion of patients with severe
hemochromatosis are homozygous for the major C282Y
mutation, which is very frequent in populations of Celtic

ancestry but less frequent in Mediterranean countries [19];
the second common mutation is H63D, which has a less
evident effect on iron status but an increased frequency on

the chromosomes of hemochromatosis patients not bearingHre

the C282Y [12]. The H63D mutation is thought to be more
ancient than C282Y and has a high frequency in many
populations [19]. Overall, 2—20% of individuals of Euro-
pean descent may have genetically determined mild or la-
tent iron status alterations associated with C282Y, while a
much larger proportion carry H63D [11].

A recent study reported an increased frequency of HFE
mutations in male patients with familial AD and suggested
that HFE mutations could be predisposing for familial AD
in males APOEe4 negative [20]. The aim of the present
study was to investigate whether HFE gene mutations are
associated with an increased risk for sporadic AD, and to
evaluate their influence on the age of disease onset.

2. Patients and methods
2.1. Patients

Two hundred and six elderly subjects living in the urban
area of Milan were recruited at the Day Hospital of the
Department of Geriatrics of IRCCS Ospedale Maggiore
(Milan, Italy), 107 of whom (35 males, 72 females: age
66-93 years, mean 80 6 years) had a clinical diagnosis of
sporadic late-onset60 years) Alzheimer’'s disease. The
diagnosis of AD was based on the NINCDS-ADRDA [18]
and DSM 1V criteria [1]. The results of routine laboratory
tests for serum TSH, FT4, B12 vitamin and folates, trans-
ferrin saturation and serum ferritin were also obtained. All
of the patients underwent brain CT or NMR imaging. The

Alzheimer’s D. Controls
(214 alleles) (198 alleles)
APOE p*
€2 0.03 0.04
0.73 0.87 0.0006
€4 0.24 0.09
Y282 (mutant) 0.02 0.02 1.00
C282 (wild type) 0.98 0.98
D63 (mutant) 0.11 0.14 0.46
H63 (wild type) 0.89 0.86

* (X2 test)

digestion with Cfol. The restriction patterns were obtained
by means of gel electrophoresis.

The data were analysed using the statistical package
Statview 5.0 (SAS Institute Inc., Cary, North Carolina,
U.S.A).

3. Results

The allelic frequencies of APOE and HFE alleles in the
AD patients and controls are shown in Table 1. Five ho-
mozygotes and 41 heterozygotes for the AP&Eallele
were found among the AD patients, and two homozygotes
and 15 heterozygotes among the controls. The HFE-C282Y
mutation was found in the heterozygous state in four AD
patients and four controls; given the low frequency of this
mutation, it was not further analysed. The H63D allele was
common in both patients and controls, being present in 22
AD patients (two homozygotes) and 25 controls (one ho-
mozygote). The observed genotype distribution for APOE
and HFE genes was not significantly different from that
expected by the Hardy-Weinberg equilibrium. We also
compared the distribution of the combined genotypes at the

remaining 99 subjects (48 males, 51 females: age 62-92two loci with the expected frequencies calculated for each

years, mean 7<% 7 years) were investigated as controls in
order to establish APOE and HFE allele frequencies in an
age-matched population. Informed consent was obtained
from all of the studied subjects or their relatives.

2.2. Methods

Genomic DNA was extracted from peripheral leukocytes

group from allelic frequencies, and no preferential allelic
association was found. The frequency of the APE&IE-
H63D association in AD patients was marginally greater
than expected, but this difference was not statistically sig-
nificant. No difference in the distribution of APOE and HFE
genotypes was observed between male and female patients.
When the age of onset of AD in the presence or in the
absence of APOE4 was compared, it was found that the 46

by means of standard procedures. The two HFE mutationspatients carrying one or two APO&+ alleles had a non-

were detected by polymerase chain reaction (PCR) DNA
amplification of the relevant exons and restriction with Rsal
for C282Y and Bcll/Mbol for H63D. The APOE genotypes

were determined by means of PCR amplification of a 234
base-pair fragment of exon 4 of the APOE gene followed by

significant earlier onset than those with the other ApoE
genotypes (74. 7 5.9 vs. 76.3*= 6.3 years: p= 0.19,
Mann-Whitney U-test). The patients who were heterozy-
gous or homozygous for the HFE-H63D allele experienced
an earlier disease onset than those who were homozygous
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Table 2
Allelic frequencies of APOE and HFE alleles in 107 Alzheimer's disease patients stratified by age at onset (A) and in 99 control subjects stratified by
age (B).

A)
Age at onset Number Allele frequency Allele frequency of
(years) of patients of APOE€4 HFE-H63D
60-70 23 0.26 0.22*
70-80 47 0.28 0.12
>80 37 0.16 0.04*

* (P = 0.004, Fisher’'s exact test)

B)
Age (years) Number of Allele frequency of Allele frequency of
subjects APOE-<4 HFE-H63D
60-70 15 0.10 0.16
70-80 26 0.13 0.13
>80 58 0.06 0.13
for the wild allele (71.7= 6.0 vs. 76.6+ 5.8 years: p= related difference in HFE allelic frequency was observed in

0.001, Mann-Whitney U-test); this effect was similar in controls (Table 2), but there was a trend towards a lower
males and females. Table 2 shows the allelic frequencies offrequency of APOEe4 in those aged more than 80 years.
APOE and HFE in three groups of AD patients stratified by There was no significant evidence of an additive effect of
age at onset; the HFE mutation was more frequent (0.22) inthe APOE and HFE genotypes on age at disease onset,
the patients with disease onset at an ag® years; thiswas  although the oldest mean age at onset (77.3 years) was
almost twice the frequency observed in those aged 70—800bserved in the subset of 51 patients who were homozygous
years at onset (0.12) and five times more than that observedor wild-type HFE and did not carry the APO& variant.

in the patients aged more than 80 years (0.04). The fre- Results of Kaplan-Meier analysis of age at onset in relation
quency of the APOE4 allele was not significantly less in  to HFE and APOE genotypes are shown in Fig. 1. mutant
the patients with a later disease onset. No significant age-HFE genotypes gave rise to significantly different curves
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Fig. 1. Kaplan Meier analysis of age at disease onset in 107 individuals with late-onset Alzheimer’s disease sorted by APOE and HFE genotypgh In the gr
on the left HFE-H63D denotes individuals heterozygous or homozygous for the mutation. In the graph on the rightéAP@Enotes individuals carrying
the €4 allele in the heterozygous or homozygous state; AR@E-denotes individuals with genotypes not includiedy
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(p = 0.0002, Mantel-Cox logrank test), whereas the APOE APOE-4 or the HFE-H63D mutation may provide indirect
genotypes including the APO& allele generated a curve evidence in support of such effect.
that is not significantly different from that of individuals The interpretation of these data is not univocal. Our
carrying the other APOE alleles. findings suggest that the mutation of a gene responsible for
As evaluated by means of transferrin saturation and se-the regulation of the iron status may interact with other
rum ferritin, the iron status of patients carrying HFE muta- mechanisms involved in AD, affecting the disease progres-
tions was not significantly different from that of those with sion in the preclinical stage, and leading to an anticipation
a wild-type HFE genotype (data not shown). In particular, of clinical diagnosis. The design of our study does not allow
none of the patients carrying HFE mutations showed signsto assess whether HFE mutations affect the overall risk of
of iron overload. susceptible individuals developing AD, or to demonstrate
that the rate of disease progression after clinical onset is
related to HFE genotypes. Additional studies of affected and
4. Discussion unaffected individuals from AD pedigrees, as well as lon-
gitudinal observations, are needed in order to clarify these
The possible role of iron in the pathogenesis of some aspects. Since the C282Y mutation is common in popula-
neurodegenerative disorders prompted us to evaluate hemotions of Northern-Europe, further studies in those popula-
chromatosis mutations in subjects with AD. To our knowl- tions will be necessary to establish whether the effect of
edge this is the first study to examine the distribution of H63D on the age of onset of AD is shared (and possibly
HFE mutations in sporadic late-onset AD typed for APOE, amplified) by the C282Y mutation. Finally, it is interesting
and to analyse the effect of HFE on the age of presentation.to note that a relationship between the major histocompat-
The principal HFE-C282Y hemochromatosis mutation is ibility complex and the age of presentation of AD has been
less frequent in Italy than in Northern Europe [8], and was proposed in the past. It was observed that the HLA-A2 allele
poorly represented in our patient and control groups. We was associated with an anticipation of AD onset [2,22].
therefore concentrated on analysing the H63D mutation Because HLA and HFE are closely linked genetic loci, the
which is less affected by ethnic background, having a world HLA-A2 allele is included in haplotypes in linkage disequi-
wide allelic frequency of 0.08 and being present in all librium with HFE mutant alleles [11].

European populations at allele frequencies greater than 0.06 The first study to suggest a relationship between hemo-
[19]. chromatosis and AD [20] analysed HFE and APOE geno-
The main finding of this study was the effect of a HFE types in a group of patients with familial AD. A complex
mutation on the age of presentation of AD. The age at onsetinteraction between the two loci, different in males and

of patients carrying one or two copies of H63D was an females, was suggested by the Authors: among ARDE-
average of five years less than that of patients with a wild- negative males the absence of HFE mutations would be
type HFE genotype. Although the overall frequency of protective against AD, while among APQ#- negative
H63D was similar in patients and controls, its distribution females the presence of HFE mutations would afford some
was different in patient groups stratified by age at disease protection against AD. The relatively small number of cases
onset, being five times more frequent in patients manifest- included in that study, however, did not allow an extensive
ing the disease at an ag€r0 years as compared with those comparison of all APOE/HFE genotypes between patients
developing the disease after the age of 80 years. This dif-and controls, and age at onset was not reported. Our data are
ference did not appear to be related to the chronological agein agreement with the cited study in showing an over-
of the patients or to an effect on survival independent from representation of HFE mutations in patients with an earlier
AD, since the allelic frequency of H63D did not vary in disease onset. We failed however to observe any gender-
age-stratified groups of controls. On the contrary, the over- related difference. The different selection of AD patients,
all frequency of APOE=4 was higher in AD patients thanin  familial versus sporadic, could account, at least in part, for
controls, but there was a less marked modification with the different findings. Patients with familial AD are usually
increasing age, with a trend towards a reduction being younger as compared with those with the sporadic disease:
observed only in the subset of patients with an age at diseases a consequence the iron status of women in the two groups
onset of more than 80 years. Since AP@Eis also a risk could have been different. In our series the iron status of the
factor for cardiovascular death [10,37], the possibility individuals carrying HFE mutations was not significantly
should be considered that its reduced presence in the oldesaltered or different from that of the subjects with wild-type
group may have been due to a survival effect, since it was HFE genotypes, but it is possible that subtle alterations in
also lower in the control subjects aged more than 80 yearsiron metabolism may not be reflected by standard iron
than in those who were younger. We also explored the parameters.

possibility of an interaction between APOE and HFE, but A possible link between HFE and iron-related damage in
did not find any significant evidence that the two loci exert the brain is provided by the analysis of HFE expression in
a synergistic effect. However, the fact that the oldest age atdifferent organs and tissues. The immunohistochemical
onset was observed in the patients without either the staining pattern of HFE in human tissues has been defined
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as a subset of transferrin receptor-positive cells [3]. Surpris- [4] Blacker D, Haines JL, Rodes L, Terwedow H, Go RCP, Harrell LE,
ingly, the capillary endothelium of the brain seems to be one ~ Pery RT, Bassett SS, Chase G, Meyers D, Albert MS, Tanzi R.

. . . . ApoE-4 and age at onset of Alzheimer’s disease: The NIMH Genetics
of the major sites of HFE expression and scattered cortical Initiative. Neurology 1997:48:139—47.

cells (possibly astrocytes—the same cell type that produces (5 oyies JK, Pitas RE, Wilson E, Mahley RW, Taylor JM. Apolipopro-

ApoE [5]) also stain for HFE [3]. Of the endothelial cells tein E associated with astrocytic glia of the central nervous system
examined, apart from the liver, HFE was only found in the and with nonmyelinating glia of the peripheral nervous system. J Clin
vascular endothelium of the brain, thus indicating the im- Invest 1985,76:1501-13. »
portance of its role in limiting the movement of iron across (& Buld 23 Griffen LM, Jorde LB, Edwards CQ, Kushner JP. Clinical

. . . . and biochemical abnormalities in people heterozygous for hemochro-
the blood-brain barrier. The expression of HFE by glial cells matosis. N Engl J Med 1996:335:1799—805.

makes it possible to speculate that the presence of mutant [7] Bush Al, Pettingell WH, Multhaup G, de Paradis M, Vonsattel JP,
HFE species may contribute towards iron accumulation in Gusella JF, Beyreuther K, Masters CL, Tanzi RE. Rapid induction of
these cells and/or its leakage into the surrounding extra- i'lzehf";‘er A beta amyloid formation by zinc. Science 1994;265:
_cellular space, thus increasing the avall_ab"lty of the_ free- [8] CarellaM, D’Ambrosio L, Totaro A, Grifa A, Valentino MA, Piperno
iron that appears to play a relevant role in the evolution of A, Girelli D, Roetto A, Franco B, Gasparini P, Camaschella C.
B-amyloid plaques [25]. Mutation analysis of the HLA-H gene in Italian hemochromatosis
HFE is not the first gene encoding for an iron related patients. Am J Hum Genet 1997;60:828-32.
protein to be involved in AD. The TfC2 allelic variant of ~ [8] Crapper McLachlan DR, Dalton AJ, Kruck TP, Bell MY, Smith WL,
transferrin has been reported to have an increased frequency ~ K&low W, Andrews DF. Intramuscular desferrioxamine in patients
. - . . with Alzheimer’s disease. Lancet 1991;337:1304-8.
in late-onset AD [21]. The finding was confirmed in several (14 pavignon J, Gregg RE, Sing CF. Apolipoprotein E polymorphism
populations, and it was hypothesised that defective binding and atherosclerosis. Arteriosclerosis 1988:8:1-21.
of iron and aluminium by TfC2 could be responsible for free [11] Fairbanks VF. Hemochromatosis: population genetics. In: Barton JC,
radical damage contributing to the pathological lesions of Edwards CQ, Editors. Hemochromatosis. Genetics, pathophysiology,

AD [38]. Further studies are warranted to investigate the diagnosis, and treatment. Cambridge: Cambridge University Press,

: : i 2000:42-50.
relative role and reciprocal influence of HFE genotypes and [12] Feder JN, Gnirke A, Thomas W, Tsuchihashi Z, Ruddy DA, Basava
of transferrin variants in AD. A, Dormishian F, Domingo R, Ellis MC, Fullan A, Hinton LM, Jones

Protection against oxidative damage has already been  NL, Kimmel BE, Kronmal GS, Lauer P, Lee VK, Loeb DB, Mapa
demonstrated to slow the clinical progression of AD [28], FA, McClelland E, Meyer NC, Mintier GA, Moeller N, Moore T,

: : : : : Morikang E, Prass CE, Quintana L, Starnes SM, Schatzman RC,
and chelation therapy with the iron chelator desferrioxamine Brunke KJ, Drayna DT, Risch NJ, Bacon BR, Wolff RK. A novel

was able to reduce the disease progression In patients with MHC class I-like gene is mutated in patients with hereditary haemo-
sporadic AD [9]. The identification of this novel AD-related chromatosis. Nat Genet 1996:13:399—408.

genetic determinant provides new insights into the patho- [13] Feder JN, Penny DM, Irrinki A, Lee VK, LebroJA, Watson N,
genesis of the disease, and may also contribute towards the Tsuch?hashi Z, Sigal E, Bjorkman PJ,_Schatzman RC._The hemochro-
diagnosis and treatment of individuals from families at risk matosis gene product complexes with the transferrin receptor and

. . lowers its affinity for ligand binding. Proc Natl Acad Sci USA
of AD carrying HFE mutations. 1998:95:1472-7.

[14] Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F,
Fidani L, Giuffra L, Haynes A, Irving N, James L, Mant R, Newton
P, Rook K, Roques P, Talbot C, Pericak-Vance M, Roses A, Wil-
liamson R, Rossor M, Owen M, Hardy J. Segregation of a missense
mutation in the amyloid precursor protein gene with familial Alzhei-
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thanked for advice and support. This work was Supported by [15] Kala SV, Hasinoff BB, Richardson JS. Brain samples from Alzhei-
MURST (60% contributions and Progetto Speciale 1998 to mer's patients have elevated levels of loosely bound iron. Int J Neu-
. . rosci 1996;86:263-9.
M.S.), intramural funds from IRCCS.OspeQaIe Maggiore to [16] Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pet-
M.S. and C.V., and AGER Foundation, Milano. tingell WH, Yu CE, Jondro PD, Schmidt SD, Wang K, Crowley AC,
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