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Alzheimer’s disease (AD) is regarded as a prototype of the neurodegenerative disorder
characterized by progressive memory impairment and multiple cognitive deficits in mid to late
life. Its pathological hallmarks consist of neuritic plagues and neurofibrillary tangles in the
cerebral cortex, accompanied by neuronal loss. These neuropathological findings are promi-
nent in the temporal neocortex and hippocampus. There are a small proportion of AD cases
(~10%) that appear to be transmitted as pure autosomal dominant. Mendglian traits with age-
dependent but high penetrance. Molecular genetic studies on pedigrees with the latter type
of familial Alzheimer's disease (FAD) with molecular genetic tools have led to the discovery of
four different genetic loci associated with inherited susceptibility to AD. It is generally suggest-
ed that late-onset AD is caused by a complex set of genetic and environmental factors, such
as diet, blood pressure, education, social interaction, and others. In this communication, some
of the known risk factors relevant to etiopathogenesis of Alzheimer’s disease to date will be
briefly reviewed.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
clinically characterized by the inexorable decline of cognitive
function, alterations in judgment, perception and personali-
ty, and ultimately the loss of essential qualities that define a
human existence. The definite diagnosis of AD is made by
postmortem analysis of brains of patients with dementia.
Intracellular neurofibrillary tangles (NFT) containing hyper-
phosphorylated tau protein and apolipoprotein E and extra-
cellular senile (neuritic) plaques containing a variety of pro-
teins, including A-amyloid (AB), a-synuclein, ubiquitin,
apolipoprotein E, presenilins and al-antichymotrypsin, are
considered neuropathological hallmarks of AD([1, 2].

Currently, AD is not only the leading cause of senile demen-
tia, but it is also the most prevalent neurodegenerative disease
worldwide, and is subsequently, an increasingly threatening
national health problem both abroad and in this country. De-
spite the fact that AD affects up to 15% of people over the
age of 65 and nearly half of all individuals by the age of 85
[3, 4], therapeutic management of the disease is primarily
targeted toward palliative treatment of symptoms rather than
forestalling the progtession of the disease. The major obstacle
in managing the disease and designing a rationale for thera-
peutic targets is our incomplete understanding of the etio-
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pathogenesis of the disease. Several hypotheses, mainly focus-
ing on these hallmarks, have been proposed in an attempt to
explain the pathogenesis of AD including theories involving
amyloid deposition, tau phosphorylation, oxidative stress,
metal ion dysregulation and inflammation. Unfortunately,
despite strong evidence that these aspects are associated with
AD and almost certainly play a role in the disease process,
none of these theories is sufficient to explain the whole spec-
trum of abnormalities found in AD.

Cholinergic hypothesis

The first clinical signs of AD are impairments of memory
and other cognitive function, such as language and visuospa-
tial function, some of which can be explained by loss of cholin-
ergic neurons in the basal forebrain. This loss contributes to
the symptom development of AD. The acetylcholine (ACh)
neurons in basal forebrain, which provide major inputs to
the hippocampus and neocortex, are among the most preco-
ciously and severely affected in ADI5, 6]. It is not yet clear,
however, whether the extensive loss of neurons and pre-synap-
tic terminals observed in AD is one of the primary features of
this disease or a consequence of the A8, pathology (Fig. 1).

The major hypotheses of mechanisms of cholinergic neu-
rodegeneration in AD that have been pursued include: (1)



54

Risks and Vulnerabilities

Seol-Heui Han

Selective Vulnerabilities

- Genetic —

-

Medical

—-

Structural Changes

Neuritic
Plaques

L1

Synapse
Loss

Regional Spread

Mesial Temporal
Lobe

\ l

i Neurofibrillary Neuronal Cortical Association
~— Environmental —= Tongles Death Areas
T Patterns l
fS d
——— > Pathogenic o oprea
Processes Region-Specific Basal Forebrain:
Neurotransmitter NB>LC>Raphe
Symptomatic Deficiencies Fig. 1. Cholinergic deficien-
Expressions l cy in Alzheimer’s disease: a

Symptoms of Alzheimer’s Disease

Table 1. Genetics of Alzheimer’s disease

pathogenic model. NB, nucle-
us basalis of Meynert; LC, lo-
cus ceruleus.

Familial, early onset, autosomal dominant

Chromosome 21g21.3, S-amy-
loid precursor protein (APP)

Amino acid substitution ‘point’
mutation

Various mutations; responsible for A8; 2-3% of familial Alzheimer’s disease (FAD)
Increase in AB (AB+w/ABw ratio)

Chromosome 14g24.3, Prese-
nilin 1 (PS-1, S182)

Missense mutation in a transmem-
brane protein (function unknown)

70% of early-onset FAD; age of onset 30-60y; rapid course; seizures and
myoclonus; Increase in A8 (AB+/ABw ratio); essential for 7-secretase activity

Chromosome 1931-42, Prese-
nilin 2 (PS-2, STM-2)

Same as above 67% homologous
with PS-1

Germans from the Volga River region (Russia)
Increase in A8 (AB«/ABw ratio); essential for y-secretase activity

Familial or sporadic, late onset

Chromosome 19g13.32,
apolipoprotein E (APOE)

Effects on amyloid and tau;
cholesterol internalization; 29%

A susceptibility factor; Three polymorphisms; Increased lifetime risk (~29%)
with the APOE &4 allele

lifetime risk

Increase in AB aggregation

excitotoxicity; (2) growth factor deprivation; (3) oxidative
stress; (4) inflammation; (5) mitochondrial dysfunction; and
(6) amyloid toxicity. Of course, each hypothesis can incor-
porate a various array of sub-mechanisms (e.g., gliosis, nitric
oxide excess, calcium dysregulation), and each mechanism may
border, overlap, or intersect with one or more of the others.

Genetic conditions and AD (Table 1)

To date, four genes have been established to be associated
with AD phenotypes, including the amyloid precursor pro-
tein gene, apolipoprotein E (ApoE) gene, and presenilin 1
(PS-1) and presenilin 2 (PS-2) genes[7]. The majority of
familial AD cases are associated with PS-I mutations, and
the majority of sporadic cases are related to ApoE-£4[8, 9].
It has become clear that genetic and environmental factors are
involved in the pathophysiology of this disease, but it remains
unclear how these factors combine and ultimately lead to the

neurodegenerative process in AD[10].
Amyloid cascade hypothesis

The basic tenet of the current A3 hypothesis of AD is that
the process of A8 accumulation as amyloid triggers a com-
plex pathological reaction that leads to tau, and in rarer cases
synuclein, aggregation, inflammation, oxidative stress, neu-
ronal dysfunction, and ultimately, clinical dementia. The
extracellular plaques mainly contain A3 peptides[11] which
are derived by two proteolytic cleavages from the larger amy-
loid precursor protein (APP). In the first step, a 99-residue
C-terminal fragment (C99) is generated by S-secretase cleav-
age (BACE1). This product is further processed by 7-secre-
tase activity generating AS peptides. An alternative cleav-
age pathway by «- and subsequent 7-cleavage precludes the
generation of AB and leads to the generation of the 16 amino
acids shorter peptide termed p3. Mutations in the APP gene
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Dominantly inherited Non-dominant forms of AD
forms of AD (including sporadic AD)

1 '

Missense multations in the APP Failure of A3 Clearance
or presenilin 1 or 2 genes mechanisms
(e.g., inheritance of ApoE4,
faulty A8 degradation, etc.)

'

Increased A8 42 production Gradually rising A8 levels with
throughout life age

Accumulation and oligomerization of A842 in limbic and
associative cortices

Subtle effects of A842 oligomers on synaptic efficacy

Gradual deposition of A342 oligomers as diffuse plaques

i

Microglial and astrocytic activation and affendant inflammatory
responses

Altered neuronal ionic homeostasis; oxidative injury

f

Altered kinase/phosphatase activities lead to tangles

Widespread neuronal/synaptic dysfunction and selective neuronal
loss, with attendant neurotransmitters deficits
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Fig. 2. Sequence of pathogenic steps of Alzheimer’s disease: the
amyloid hypothesis (from Selkoe[11]).

and the presenilins (PS-1, PS-2) account for most of the fami-
lial early onset cases of AD either by enhancing the produc-
tion of pathological A3 or the 42-amino acid form, which
easily aggregates[11]. The concept of an AB cascade has been
valid for more than 10 years, and provided a reasonable basis
for AD therapeutic strategies (Fig. 2).

Apolipoprotein E and AD

The established genetic risk factor is the E4 isoform for the
lipid transport molecule apolipoprotein E (APOE: gene; ApoE:
protein)[8, 12, 13] which is also a risk factor for coronary
atherosclerosis[14]. The &4 allele for APOE has sometimes
been implicated in vascular dementia (VaD) and stroke[15],
the second most common form of senile dementia. Although
the role of apoE in the scavenging of 8-amyloid in the brain
is well documented, the exact mechanism by which choles-
terol directly alters B-amyloid production is not entirely clear.
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Cholesterol exerts numerous effects on the APP secretase func-
tion (in addition to those reported on the apoE-LDL-recep-
tor pathway). Increases in intracellular cholesterol concen-
trations lead to inhibition of @-secretase activity but stimu-
late 8- and 7 -secretase activities. Cholesterol-lowering agents
would act indirectly to prevent the effect of vascular risk fac-
tors, such as circulating levels of cholesterol or atherosclerot-
ic plaque deposition, from modulating the age of onset in
AD. Although it remains difficult to determine how choles-
terol-lowering agents affect the pathophysiology of AD, recent
findings showing the presence of polymorphic genetic vari-
ants in the HMGR gene[16] provide us with a possible ex-
planation of the molecular basis and a target for the benefi-
cial effect against AD.

Presenilins and AD

The presenilins are multispanning membrane proteins (pre-
senilin 1, PS-1 and presenilin 2, PS-2) first identified for their
genetic association with AD. They are essential components
of a multiprotein protease complex implicated in regulated
intramembrane proteolysis of several type 1 membrane pro-
teins including the amyloid precursor protein (APP) and
developmentally important Notch receptors[17]. Previous
studies indicate presenilin proteins form enzymatically active
high molecular mass complexes (7 -secretase) consisting of
heterodimers of N- and C-terminal fragments in association
with nicastrin, presenilin enhancer-2 (PEN-2) and anterior
pharynx defective-1 (APH-1) proteins. The variety of iden-
tified substrates indicates a critical role for PS in cell meta-
bolism involving controlled cleavage of protein transmem-
brane domains and signal transduction. The role of PS in 7 -
secretase activity is compelling and includes lack of A amy-
loid peptide generation and Notch signalling in PS double
knockout cells, cofractionation of activity with PS, abolition
of activity with mutation of conserved aspartates in trans-
membrane domains six and seven, binding of 7 -secretase
aspartyl protease inhibitors to PS, as well as identification of
homologues with protease-associated domains[18]. Follow-
ing a primary cleavage event that causes ectodomain shed-
ding, PS-dependent ‘7 -secretase’ proteolysis results in gen-
eration of a membrane spanning stub (such as A peptide)
and a cytoplasmic fragment such as the APP intracellular
domain or the Notch intracellular domain which translocates
to the nucleus for regulation of gene expression[17]. All
presenilin mutations cause a dominant gain of function and
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may induce AD by enhancing AB+« production, thus pro-
moting cerebral S-amyloidosis.

Estrogen and AD

Epidemiological data showing a predisposition of women to
develop AD led many researchers to investigate the role of sex
steroids, namely estrogen, in disease pathogenesis. Although
there is circumstantial support for the role of estrogen, the
unexpected results of the Women’s Health Initiative (WHI)
Memory Study, which reported an increase in the risk for
probable dementia and impaired cognitive performance in
postmenopausal women treated with a combination of estro-
gen and progestin, have raised serious questions regarding
the protective effects of estrogen. Although explanations for
these surprising results vary greatly, the WHI Memory Study
cannot be correctly interpreted without a complete investi-
gation of the effects of the other hormones of the hypothala-
mic-pituitary-gonadal (HPG) axis on the aging brain. Cer-
tain hormones of the HPG axis, namely, the gonadotropins
(luteinizing hormone and follicle-stimulating hormone), are
not only involved in regulating reproductive function via a
complex feedback loop but are also known to cross the blood-
brain barrier. Webber et al. propose that the increase in gona-
dotropin concentrations, and not the decrease in steroid hor-
mone (e.g., estrogen) production following menopause/andro-
pause, is a potentially primary causative factor for the devel-
opment of AD[19].

Mitochondria, Oxidative stress, and AD

Accumulating evidence supports the hypothesis that oxida-
tive stress generated by various mechanisms may be among
the major risk factors that initiate and promote neurodegen-
eration. Compared with other tissues, the central nervous
system may be particularly susceptible to oxidative damage.
Many authors suggest that an imbalance between the gen-
eration of free radicals and antioxidants may be involved in
the pathogenesis of most neurodegenerative diseases. The
fact that age is the most important risk factor of sporadic AD
provides considerable support for the free radical hypothesis.
Many considerations suggest that free radicals and conse-
quently mitochondrial dysfunction are involved in age-relat-
ed pathologies of AD[20]. It seems very likely that oxida-
tive damage and defective mitochondrial function are the
earliest events in AD[21]. However, oxidative stress could
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be a necessary, but insufficient factor such that the develop-
ment of disease is dependent upon an additional factors for
the onset of occult pathogenesis.

Metal ions and AD

Oxidation reactions are catalyzed by transition metals such
as iron and copper and, as such, the likelihood that an oxi-
dation reaction will take place is probably increased by the
regional concentrations of transition metals. Substantial stud-
ies show that the metabolism of iron is involved in AD and
that the concentration of iron in the brain of AD patients is ele-
vated. Aluminum has also received attention in AD, although
a role has never been convincingly demonstrated. Nonethe-
less, aluminum has been found in high concentrations in both
senile plaques and intraneuronal neurofibrillary tangles in
the brains of subjects with AD, which suggests that this metal
may be involved in the etiopathology of AD[22]. Aluminum,
unlike transition metal ions, is unable to redox cycle in elec-
tron transfer reactions due to a fixed oxidation state of 3+ in
biological systems, but growing evidence suggests that it can
act synergistically with iron to increase free radical damage
[23]. Recent study shows that accumulated aluminum in
the central nervous system modulates amyloid-/3 formation
and deposition. Strong evidence also shows that copper are
also implicated in the development of AD[24]. In the AD
brain, the concentration of zinc is significantly elevated in
senile plaques and the concentration of copper is elevated in
the rim of senile plaques. Overall, these studies indicate that
the environmental conditions in AD, exacerbated by imbal-
ances in several metals, has the potential for catalyzing and
stimulating free radical formation and enhancing neuron
degeneration.

Vascular risk factors and AD

Epidemiological and neuropathological studies have sug-
gested that there is an association between common AD and
several vascular risk factors, such as hypertension, inheritance
of the allele encoding apolipoprotein-E-&4, myocardial infarc-
tions, diabetes mellitus, ischemic white-matter lesions, gen-
eralized atherosclerosis[25] and, most recently, high con-
sumption of animal fat. Long-term high blood pressure start-
ing in middle age can cause severe atherosclerosis and large-
artery stiffness in later life. Neuropathological and epidemio-
logical studies have directly and indirectly linked atheroscle-
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rotic burden in the brain to AD pathological changes[26].
Furthermore, high blood pressure is a major risk factor for
stroke and white-matter lesions, which could promote clini-
cal expressions of AD and dementia[27]. Thus, an atheroscle-
rotic process may be involved in the pathogenesis, progres-
sion, and clinical presentation of dementia, including both
AD and VaD. Proper antihypertensive treatment may reduce
dementia risk and slow down disease progression by improv-
ing focal cerebral perfusion and inhibiting angiogenesis of
brain endothelial cells.

OTHER MISCELLANEOUS MECHANISMS
Cell cycle re-entry and AD

Attempted cell cycle induction also appears to be an impor-
tant factor in neuronal cell loss during AD. In pathological
specimens of brains from Alzheimer’s patients, the cell cycle
regulators P16 and CDK4 have increased expression in regions
such as the hippocampus. Increasing evidence suggests that
cell-cycle proteins can be reactivated and contribute to cell
demise (Fig. 3). For example, the Cdk1-cyclin B1 complex
can be reactivated in AD[28].

Neuroinflammation and AD

Several lines of evidence indicate that microglial activation

Quiescence
Mitosis
G1
G2 an
4n S
Abortosis

Fig. 3. In Alzheimer’s disease the vulnerable neuron enters the cell
cycle and then is unable to progress through it with loss of the syn-
chronous nature of the cycle and concomitant dysfunction and
neuronal loss. This phenomenon is termed as abortosis (adapted
from Raina[28]).
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may be involved in the pathogenesis of Alzheimer’s disease.
In addition to assisting with the removal of injured cells and
cellular debris, microglia may sometimes aggravate a cellular
insult. Microglia may lead to cellular damage in AD not only
through the generation of ROS products, but also through
the production of cytokines and the demise of neighboring
neurons[29]. Microglia promote the production of pro-inflam-
matory and cytokines, such as tumor nectosis factor-@ (TNF-«)
and interleukin-18, free radicals such as NO and superoxide,
and fatty acid metabolites such as eicosanoids that can pre-
cipitate cell death.

REFERENCES

1. Wang GP, Khatoon S, Igbal K, Grundke-Igbal L. Brain ubiquitin is
markedly elevated in Alzheimer disease. Brain Res 1991; 566: 146-51.

2. Smith MA, Casadesus G, Joseph JA, Perry G. Amyloid-beta and tau
serve antioxidant functions in the aging and Alzheimer brain. Free Radic
Biol Med 2002; 33: 1194-9.

3. Evans DA, Funkenstein HH, Albert MS, Scherr PA, Cook NR, Chown
M], et al. Prevalence of Alzheimer's disease in a community population of
older persons. Higher than previously reported. JAMA 1989; 262: 2551-6.

4. Seshadri S, Wolf PA, Beiser A, Au R, McNulty K, White R, e al. Life-
time risk of dementia and Alzheimer's disease the impact of mortality on
risk estimates in the Framingham study. Neurology 1997; 49: 1498-504.

5. Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle JT, Delon
MR. Alzheimer's disease and senile dementia loss of neurons in the basal
forebrain, Science 1982; 215: 1237-9.

6. Mufson EJ, Ma SY, Dills ], Cochran EJ, Leurgans S, Wuu J, et al. Loss
of basal forebrain P75 (NTR) immunoreactivity in subjects with mild cogni-
tive impairment and Alzheimer's disease, | Comp Neurol 2002; 443: 136-
53.

7. Campion D, Flaman JM, Brice A, Hannequin D, Dubois B, Martin
C, et al. Mutations of the presenilin gene in families with early-onset
Alzheimer's disease. Hum Mol Genet 1995; 4: 2373-7.

8. Strittmatter W], Saunders AM, Schmechel D, Pericak-Vance M,
Enghild J, Salvesen GS, et al. Apolipoprotein E: high-avidity binding to
beta-amyloid and increased frequency of type 4 allele in late-onset familial
Alzheimer's disease. Proc Natl Acad Sci USA 1993; 90: 1977-81.

9. Houlden H, Crook R, Backhovens H, Prihar G, Baker M, Hutton M,
et al. ApoE genotype is a risk factor in nonpresenilin early-onset Alzheimer’s
disease families. Am | Med Genet 1998; 81: 117-21.

10. Kawas CH, Katzman R. The epidemiology of dementia and Alzheimer
disease. In Terry RD, Katzman R, Bick KL, et al. eds. Alzheimer disease.
Philadelphia: Lippincott Williams & Wilkins, 1999; 95-116.



58

11. Selkoe DJ. Alzheimer's disease: genes, proteins, and therapy. Physiol Rev
2001; 81: 741-66.

12. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell
PC, Small GW, et al. Gene dose of apolipoprotein E type 4 allele and the
risk of Alzheimer's disease in late onset families. Science 1993; 261: 921-3.

13. Lucotte G, Turpin JC, Landais P. Apolipoprotein E-epsilon 4 allele doses
in late-onset Alzheimer's disease. Ann Neurol 1994; 36: 681-2.

14. Davignon J, Gregg RE, Sing CF. Apolipoprotein E polymorphism and
atherosclerosis. Arteriosclerosis 1988; 8: 1-21.

15. Slooter AJ, Tang MX, van Duijn CM, Stern Y, Ott A, Bell K, et al.
Apolipoprotein E epsilon 4 and the risk of dementia with stroke. A popula-
tion-based investigation. JAMA 1997; 277: 818-21.

16. Poirier J. Cholesterol transport and synthesis are compromised in the brain
in sporadic Alzheimer's disease: From risk factors to therapeutic targets. In:
S. Gauthier and ].L. Cummings, Editors, Alzheimer's Disease and Relat-
ed Disorders Annual, Dunitz 2002; 1-21.

17. Fortini ME. Gamma-secretase-mediated proteolysis in cell-surface-recep-
tor signalling. Nat Rev Mol Cell Biol 2002; 3: 673-84.

18. Esler WP, Kimberly WT, Ostaszewski BL, Ye W, Diehl TS, Selkoe
DJ, et al. Activity-dependent isolation of the presenilin-gamma-secretase
complex reveals nicastrin and a gamma substrate. Proc Natl Acad Sci
USA 2002; 99: 2720-5.

19. Webber KM, Casadesus G, Marlatt MW, Perry G, Hamlin CR, At-
wood CS, et al. Estrogen Bows to a New Master: The Role of Gonadotropins
in Alzheimer Pathogenesis Ann N'Y Acad Sci 2005; 1052: 201-9.

20. Mattson MP, Pedersen WA, Duan W, Culmsee C, Camandola S.

Seol-Heui Han

Cellular and molecular mechanisms underlying perturbed energy metabolism
and neuronal degeneration in Alzheimer's and Parkinson’s diseases. Ann
NY Acad Sci 1999; 893: 154-75.

21. Castellani R, Hirai K, Aliev G, Drew KL, Nunomura A, Takeda A,
et al. Role of mitochondrial dysfunction in Alzheimer's disease. | Neurosci
Res 2002; 70: 357-60.

22, Christen Y. Oxidative stress and Alzheimer disease. Am | Clin Nutr 2000;
71:6215-9S.

23. Gutteridge JM. Hydroxyl radicals, iron, oxidative stress, and neurode-
generation. Ann N'Y Acad Sci 1994; 738: 201-13.

24. Multhaup G, Schlicksupp A, Hesse L, Beher D, Ruppert T, Masters
CL, et al. The amyloid precursor protein of Alzheimer’s disease in the reduc-
tion of copper(1I) to copper(I), Science 1996; 271: 1406-9.

25. Skoog L. Vascular aspects in Alzheimer's disease. | Neural Transm Suppl
2000; 59: 37-43.

26. Sparks DL, Scheff SW, Liu H, Landers TM, Coyne CM, Hunsaker
T ]C. Increased incidence of neurofibrillary tangles (NFT) in non-dement-
ed individuals with hypertension, | Neurol Sci 1995; 131: 162-9.

27. Vermeer SE, Prins ND, den Heijer T, Hofman A, Koudstaal PJ, Bretel-
er MM. Silent brain infarcts and the risk of dementia and cognitive decline,
N Engl ] Med 2003; 348: 1215-22.

28.Raina AK, Zhu X, Smith MA. Alzheimer's disease and the cell cycle.
Acta Neurobiol Exp 2004; 64: 107-12.

29. Mehthorn G, Hollborn M, Schliebs R. Induction of cytokines in glial
cells surrounding cortical beta-amyloid plaques in transgenic Tg2576 mice
with Alzheimer pathology. Int | Dev Neurosci 2000; 18: 423-31.



