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Abstract Allele €4 of the nuclear APOE geneisaleading
genetic risk factor for sporadic Alzheimer’s disease (AD).
Moreover, an allele-specific effect of APOE isoforms on
neurona cell oxidative death is known. Because of the
role of the mitochondrial genome (MtDNA) in oxidative
phosphorylation and oxidative stress, an interaction be-
tween APOE polymorphism and mtDNA inherited vari-
ability in the genetic susceptibility to sporadic AD can be
hypothesized. We have explored this hypothesis by analyz-
ing mMtDNA germline variants (mtDNA haplogroups) in a
sample of AD patients (213 subjects) genotyped for APOE
and classified as APOE ¢4 carriers and non-carriers. We
found that the frequency distribution of mtDNA haplo-
groups is different between €4 carriers and non-carriers
(P=0.018), thus showing non-random association between
APOE and mtDNA polymorphisms. The same analysis,
carried out in two samples of healthy subjects (179 age-
matched and 210 individuals aged more than 100 years),
showed independence between €4 allele and mtDNA hap-
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logroups. Therefore, the APOE/mtDNA interaction is re-
stricted to AD and may affect susceptibility to the disease.
In particular, some mtDNA haplogroups (K and U) seem
to neutralize the harmful effect of the APOE €4 allele,
lowering the €4 odds ratio from statistically significant to
non-significant values.

Introduction

Several lines of evidence suggest that abnormalitiesin ox-
idative metabolism and bioenergetic defects, specifically
in oxidative phosphorylation (OXPHOS) enzymes, play a
role in Alzheimer’s disease (AD; Blass and Gibson 1991,
Shoffner 1997; Gibson et al. 1998). Oxidative metabolism
occurs in mitochondria, which have their own DNA. Hu-
man mitochondrial DNA (mtDNA) is acircular closed mol-
ecule of 16,569 nucleotides that codes for 13 polypeptides
essential for OXPHOS enzymes plus rRNAs and tRNAS
necessary for mitochondrial protein synthesis (Anderson
et al. 1981; Wallace 1994). MtDNA has unique genetic
features. It is independently replicated, transcribed, and
trandlated, is maternaly inherited, does not recombine,
and undergoes replicative segregation during both mitosis
and meiosis. The notable production of oxygen-free radi-
cals that occurs within the mitochondrion causes mtDNA
damage (somatic mutations) that accumulates in post-mi-
totic tissues, thus causing a heteroplasmic condition (Cal-
loway et a. 2000) that may concur to the well-known age-
related OXPHOS decline (Shigenaga et al. 1994). Mito-
chondrial involvement in AD and mtDNA heteroplasmy
in brain tissues from AD patients has been extensively in-
vestigated (Bonilla et a. 1999; Lezza et a. 1999), but the
role of mtDNA-inherited variability as a susceptibility fac-
tor in AD has been little explored (Chagnon et al. 1999).
A reliable tool for investigating this point is the analysis
of mtDNA haplogroups, continent-specific clusters of evo-
[utionary-related mtDNA types that are defined on the ba-
sis of specific sets of stable ancestral associated polymor-
phic restriction sites (Ballinger et al. 1992). The analysis
of mtDNA haplogroups is currently providing new in-



sights into the role of mtDNA-inherited variability in the
quality of human aging (De Benedictis et a. 1999, 2000a,
2000b).

Starting from the pioneer work of Saunderset al. (1993),
the role of apolipoprotein E (APOE) polymorphism (poly-
morphic sites at codons 112 and 158) as the susceptibility
factor in sporadic AD has been confirmed in more than 90
papers published worldwide. In particular, the €4 allelein-
creases the risk (with a dose-effect in homozygosis) in all
ethnic groups studied, across all ages between 40 and 90
years, and in both men and women (Farrer et a. 1997).
However, variation at the APOE locus accounts only par-
tially for the genetic variation in the liability to develop
AD (Pericak-Vance and Haines 1995), and other polymor-
phisms could modulate the effect of APOE variability.

Oxidative damage and protection by antioxidantsin the
frontal cortex of AD patients are related to APOE geno-
types (Ramassay et a. 1999). Furthermore, a relationship
exists between APOE alleles and oxidative stress: the three
apoE isoforms have allele-specific effects (E2>E3>E4) in
protecting rat neuronal cell lines from oxidative cell death
(Miyata and Smith 1996). Because of the alele-specific
anti-oxidant effect of APOE and the role of the mitochon-
drial genome in OXPHOS, mtDNA haplogroups and APOE
alleles may interact in the susceptibility for AD. In the pre-
sent study, we explore this hypothesis by analyzing mtDNA
hapl ogroups and APOE polymorphisms in a sample of spo-
radic AD patients genotyped for APOE and classified as
APO €4 carriers and non-carriers.

Materials and methods
Samples

A total of 213 sporadic AD patients (NINCDS-ADRDA diagnos-
tic criteria, McKhann et al. 1984) with an onset age of more than
50 years (median age: 62 years; minimum: 51, maximum: 82; 85
males and 127 females) was analyzed. All patients had been inves-
tigated over three generations in order to exclude affected relatives
(1st and 2nd degree). Complete clinical assessment, neuropsycho-
logical tests, neuroradiological examination, laboratory tests (B12;
folate; syphilis serology; lipidemic parameters) had been carried
out in order to exclude other possible causes of dementia. Two con-
trol groups were also analyzed. Group A comprised 179 healthy vol-
unteer donors (median age: 64 years; minimum 50, maximum 79;
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114 males and 65 females). Group B comprised 210 subjects older
than 100 years, free from clinically manifest diseases and in rela-
tively good health (61 males and 149 females). Specimens from
Group B had been selected for health status examination from a
collection of more than 600 DNA samples of Italian centenarians
and were from categories A and B as previously described (Fran-
ceschi et al. 2000). Both patients and controls shared ethnicity and
geographic origin (Italy). Informed consent was obtained from
each subject included in the study.

DNA analyses

After DNA extraction from blood buffy coats, APOE €2, €3, and
€4 aleles were identified by a polymerase chain reaction (PCR)
amplification refractory mutation system (Wenham et al. 1991).
The primers given by Wenham et al. (1991) were used to identify
the Arg/Cys polymorphism at codon 112 of the APOE gene, whereas
new primers were used to identify the Arg/Cys polymorphism at
codon 158 of the APOE gene. In particular, the APOE-a sense
primer 5’ atgccgatgacctgcagagge3’ and APOE-b sense primer 5’ at-
gccgatgacctgcagaggt-3' with APOE-f1 antisense primer 5'-gtccg-
gctgeccatctecte-3' were used to identify Argisg/Cysisg. MtDNA
haplogroup typing was carried out by restriction analyses accord-
ingto Torroni et a. (1996). Briefly, mtDNA specific primers were
used to amplify by PCR the mtDNA regions containing the poly-
morphic restriction sites that characterize each European hap-
logroup, and the amplified fragments, after digestion by appropri-
ate restriction enzymes (see Table 1), were separated by agarose
gel electrophoresis. By this procedure, each mtDNA was ascribed
to one of the nine haplogroups (H, I, J, K, T, U, V, W, X) specific
to Europeans. Rare haplogroups (I, V, W, X) and mtDNA that were
non-classifiable within a haplogroup were grouped as “Others’
(Torroni et al. 1996). Detailed protocols regarding APOE and
mtDNA genotyping are available on request.

Statistical analyses

APOE allele frequencies were estimated by counting genes from
the observed genotypes. The Hardy-Weinberg equilibrium (HWE)
was tested by shuffling (10,000 random allele permutations for
each sample; Weir 1996). Standard errors for both alleles and hap-
logroups were computed according to the hypothesis of the muilti-
nomial distribution.

Permutation tests were also used to verify the null hypothesis
of homogeneity between groups. Fisher exact tests were used to
verify whether the frequency of a specific variable was different
between samples. When the frequency of a single mtDNA hap-
logroup was considered, the level of significance was reduced to
0=1-0.955=0.010 (five independent variables) for multiple com-
parisons. The 95% confidence intervals (c.i.) of odds ratios (OR)
were calculated by the bootstrap method.

Table 1 Identification of

mtDNA haplogroups by re- Haplo- Polymorphic restriction sites

striction analysis (a Alul, group

b Avall, c Ddel, g Hinfl, 1715c 4577q 7025a 8249b 9052n 10394c 12308g 13366m 13704p 16389m

m BamH]I, n Haell, g Nlalll, H 1 1 o# 0 1 o# 0 0 1 0

p Bstol, 1/0 presence/absence

of the restriction site, # associ- ' o# 1 1# 1# 1 1# 0 0 1 1#

ations of sites that characterize  J 1 1 1# 0 1 1# 0 0 O# 0

each haplogroup) of the spe- K 1 1 1# 0 o# 1# 1# 0 1 0

ci fgls ti\rg%%t)sesqumce (Torroni T 1 1 1# 0 1 o# 0 1# 1 0

et a. . Sites are num-

bered from the first nucleotide \L; i (1)# ﬁ 8 1 i é# 8 i 8

of the restriction site according

to Anderson et al. (1981) W 1 1 1# 1# 1 O# 0 0 1 0
X o# 1 1# 0 1 o# 0 0 1 0
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Table2 APOE genotypes and

alelesin AD patients, age- ég%ltzypes AD patients Control Group A Control Group B
g‘%ﬁgﬁf%g‘ﬂ;&ﬁ;ﬁ;ﬂs Observed  Expected Observed  Expected Observed  Expected
Control Group B). Observed
gn i (%nd)er vy 22 1 0.26 1 1.02 1 0.69
absolute frequencies are shown 2.3 12 10.56 22 22.40 21 21.66
relative (in Y%tstandard error) 33 106 105.63 125 123.20 171 171.00
frequencies are shown for 34 76 78.17 25 28.21 16 15.34
aleles 4.4 17 14.47 3 1.61 0 0.34

Total 213 213 179 179 210 210

Allele Frequency (%+SE) Frequency (%+SE) Frequency (%+SE)

2 15 (3.5+0.9) 27 (7.5+1.4) 24 (5.7+1.1)

3 300 (70.4+£2.2) 297 (83.0+£2.0) 379 (90.2+1.4)

4 111 (26.1+2.1) 34 (9.5+1.5) 17 (4.1+1.0)

Total 426 358 420

Table 3 Absolute frequencies of mtDNA haplogroups in AD pa
tients, age-matched controls (Control Group A) and centenarians
(Control Group B), stratified according to the presence/absence of

the €4 allele in the genotype. The relative frequency (x100 + stan-
dard error) of each haplogroup in the samples is given in paren-
theses

MtDNA haplogroup AD patients Control Group A Control Group B

- ed+ e4—  Tota (%+SE) ed+ e4—  Tota (%+SE) ed+ e4—  Tota (%+SE)
H 42 50 92 (43.2+3.4) 14 47  61(34.1+3.5) 5 78 83 (39.5+3.4)
J 11 7  18(85+19) 1 13 14(7.8+2.0) 3 20  23(11.0+2.2)
K 7 5 12 (5.6:1.6) 4 13 17 (9.5+2.2) - 15  15(7.1+¥1.8)
T 18 15  33(15.5+2.5) 6 15 21 (11.7+2.4) 3 15  18(8.6+1.9)
U 4 20 24 (11.3+2.2) 3 17 20 (11.2+2.4) 2 24 26 (12.4+2.3)
aOthers 12 22  34(16.0+2.5) 3 43 46 (25.7£3.3) 4 41 45(21.4£2.8)
Total 94 119 213 (100.0) 31 148 179 (100.0) 17 193 210 (100.0)

3Rare haplogroups (I, V, W, X) and mtDNA non-classified within a haplogroup are grouped as Others (Torroni et al. 1996)

Results

No significant differences for the APOE polymorphism or
for mtDNA haplogroups were found between sexes within
each sample (data not shown). Males and females were
therefore combined to increase the statistical power in the
following analyses. Data for the APOE polymorphism in
AD patients, and Control Groups A and B are shown in
Table 2. In al the samples, the observed genotypes fitted
with those expected at HWE (P=0.127 in the AD sample;
P=0.458 in Control Group A; P=0.746 in Control Group
B). A highly significant difference was found between the
frequency distributions in patients and Control Group A
(P<1x10 both for genotypes and aleles), and in patients
and Control Group B (P<1x10 both for genotypes and
aleles). Thefrequency of therare allele €2 was almost the
same in the three groups, whereas €3 increased and €4 de-
creased from AD patients to centenarians (Table 2). Fur-
thermore, a significant difference was found between
Groups A and B (P=0.031 for genotypes and P=0.005 for
aleles), thus confirming, in Italians, the APOE-longevity
association observed in French (Schachter et al. 1994) and
Finnish (Louhija et a. 1994) populations. The OR of 0.42
(95% c.i. 0.21-0.78), estimated by using Group A as con-

trols and Group B as cases, confirmed that the €4 aleleis
unfavorable to longevity.

Subsequently, the distribution of mtDNA haplogroups
in carriers and non-carriers of the €4 allele was examined
in each sample group (Table 3). In AD patients, the whole
distribution of mtDNA haplogroups was significantly dif-
ferent between €4 carriers and non-carriers (P=0.018).
Furthermore, the frequency of the U haplogroup was
lower in €4 carriers than in non-carriers (4.3%+2.1% ver-
sus 16.8%+3.4%), and the observed frequency of individ-
uals carrying both €4 and U was 1.9% against a value of
5.0% expected on the hypothesis of random association
(P=0.004 with a=0.01). The non-random association be-
tween APOE and mtDNA was restricted to AD patients.
Indeed, no significant heterogeneity was found between
€4 carriers and non-carriers either in Control Group A
(P=0.100) or in Control Group B (P=0.471), although the
small number of €4 carriers in these samples, and chiefly
in Group B, lowered the power of the statistical test in
both cases.

OR analyses were in agreement with the hypothesis of
an interaction between the €4 alele and mtDNA haplo-
groups in sporadic AD. By itself, the €4 allele yielded an
OR of 3.77 (95% c.i. 2.40-6.20) with respect to the age-
matched Control Group A. When mtDNA haplogroups



Table 4 OR referring to €4 carrier AD patients having different
mtDNA haplogroups? estimated with respect to control group A.
The 95% confidence interval (c.i.) is given in parentheses

Control Group A

Haplogroups OR (95% c.i.)

H 2.895 (1.615-6.104)
J 9.693 (1.850-15.819)
K 1.487 (0.406—7.020)
T 2.662 (1.099-9.689)
U 1.123 (0.204-4.841)

aThe haplogroup category indicated as “Others’ was not analyzed,
since it represents a heterogeneous group of several mtDNA types
(Torroni et a. 1996) and includes the rare haplogroups 1, V, W, X

were considered together with the €4 allele, OR for spe-
cific é4/mtDNA combinations became non-significant, as
reported in Table 4 (haplogroups K and U).

Discussion

Based on the allele-specific antioxidant capability of APOE
and the biological role of the mitochondrial genome, the
present study has examined whether mtDNA hapl ogroups
and the €4 allele are randomly associated in sporadic AD.
A different distribution of mtDNA haplogroups has been
found between €4 carriers and non-carriersin AD patients;
thisis not present either in age-matched controls or in cen-
tenarians. Thisfinding suggests that some haplogroups are
able to modul ate susceptibility to the disease. Indeed, some
haplogroups seem to neutralize the harmful effect of the
€4 allele by lowering OR to non-significant values (K and
U in Table 3). The statistical interaction observed between
APOE alleles and mtDNA haplogroups in AD could be
related to the antioxidant role exerted by APOE. It hasre-
cently been shown that mtDNA haplogroups are signifi-
cantly associated with OXPHOS performance (Ruiz-Pesini
et a. 2000), and that OXPHOS performance is correlated
with reactive oxygen species (ROS) production (Esposito
et al. 1999). We can specul ate that the low antioxidant ef-
fect of the E4 isoform with respect to E2 and E3 is com-
pensated by a moderate ROS production by mtDNA types
included in haplogroups K and U. In this connection, it is
worth noting that the K and U haplogroups share several
variants, and that K is one of the U sub-clades (Macaulay
et al. 1999). Measurements of OXPHOS and ROS in hy-
brid cell lines having various combination of mtDNA types
and APOE genotypes may help to check the above hypoth-
esis. In any case, as can be verified from Table 3, mtDNA
haplogroup frequencies considered independently from
APOE polymorphism do not differentiate AD patients
from controls. Thisimplies that mtDNA-inherited variabil-
ity is not per se an AD susceptibility factor but could in-
fluence the effect of susceptibility factors such as€4. This
consideration confirms that AD is expressed following
complex biological interactions between several genetic
factors, which in turn may modulate the role of environ-
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mental determinants, such as head injury, stroke, or hypoxia
(Roses 1997).

In conclusion, the data presented here show that APOE
and mtDNA polymorphisms are statistically dependent
variables in AD, whereas they are independent in groups
of subjects free from the disease. Future molecular exper-
iments in vitro, e.g., the construction of hybrid cells, may
explain the putative biochemical mechanism of such sta-
tistical interactions.
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