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Alternative hypotheses related to Alzheimer’s disease
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ABSTRACT

Alzheimer’s disease represents the most common form of dementia and belongs to the group of neurodegenera-
tive disorders characterized by progressive loss of neurons in the central nervous system. In the pathogenesis of
Alzheimer’s disease several etiologic and pathogenic factors exist, which lead to the dysfunction of neurotrans-
mitter systems and consequent cognitive decline. Last three decades have delivered a crucial progress leading
to better understanding of Alzheimer’s disease, however, the exact mechanisms of pathology remain unclear.
In this review, we summarize some hypotheses such as amyloid and tau hypotheses, inflammatory processes,
prion-like hypothesis, the hypothesis of oxidative stress, vascular and cholesterol hypothesis, the hypothesis of
metal accumulation in the brain, cell cycle hypothesis, the hypothesis of impaired insulin signalization and another,
which were proposed to explain the pathogenesis of this severe disorder (Ref. 115). Text in PDF www.elis.sk.
KEY WORDS: Alzheimer’s disease, hypothesis, tau protein, amyloid 3.

Introduction

Alzheimer’s disease (AD) represents the most common form
of dementia and belongs to the group of neurodegenerative dis-
orders characterized by progressive loss of neurons in the central
nervous system (1, 2). The main risk factor of sporadic AD is age.
Above the age of 65 years, incidence of dementia increases expo-
nentially (3). Recently it has been suggested that about 50 million
people worldwide suffer from AD (4, 5, 6).

Similarly to other age-related diseases (e.g. cardiovascular
diseases, diabetes, cancer), it is suggested that several risk factors
including environmental, behavioral and diets participate in the
pathogenesis of AD. Epidemiologic findings have shown that a
lower level of education, previous head trauma, consumption of
high-calorie food and sedentary lifestyle can increase the risk of de-
veloping of AD, as well. Other risk factors include a positive family
history of dementia, genetics factors (e.g. allele 4 of apolipoprotein
E), female sex and vascular diseases. Mutation are responsible for
less than 1 % of total AD cases (7). Regardless of various genetic
causes, all AD patients show common cognitive impairment and
pathological lesions in the brain indicating a common final patho-
logical pathway with different access avenues. Identification of
these alternative approaches can help to understand the pathogen-
esis of AD and show appropriate treatment strategies (8, 9, 10).
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In the pathogenesis of AD several etiologic and pathogenic
factors exist, such as altered calcium homeostasis, genetic fac-
tors, hormonal factors, inflammatory or immune factors, vascular
dysfunction and dysregulation of cell cycle, which lead to dys-
functions of neurotransmitters systems and consequent cognitive
decline (11, 12, 13).

Pathogenesis of Alzheimer’s disease

In the last three decades, extensive progress in the research of
AD let to new findings:

» The main pathological components of the disease are accu-
mulation of amyloid § and hyperphosphorylated tau protein
(14, 15, 16).

* Amyloid B is the product of APP processing, APP gene is lo-
calized on chromosome 21 (17).

» AD-like pathological changes are found in the adult brain with
trisomy 21 (Down syndrome) (18).

* Increased number of individuals with AD is found in several
families indicating autosomal dominant heritability of famil-
iar forms of AD (18).

* Mutations in the three different genes are sufficient for devel-
opment of familiar form of AD (APP, PSEN1, and PSEN2)
(19).

 Allele 4 of apoliprotein E represents the primary risk factor
for the common form of AD (20, 21, 22).

* Mutation in the tau gene were found to cause frontotemporal

dementia (FTD) (23).

The most discussed hypotheses attempt to explain the patho-
genesis of AD via amyloid and tau accumulation, inflammatory
processes, oxidative stress, vascular lesions, cholesterol, metal ac-
cumulation in the brain, cell cycle disruption and impaired insulin
signalization (24). The amyloid cascade was originally proposed
more then 20 years ago. This hypothesis suggests that amyloid
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plaques are composed of amyloid aggregates (25, 26). However,
recent data do not fully support this hypothesis, which localizes
amyloid plaques into the centrum of AD pathology, as it was shown
that deposits of amyloid do not correlate with the impairment in
cognitive functions. On the other hand, several independent studies
demonstrate a close relationship between hyperphosphorylated tau
and neurofibrillary tangles and synaptic neuronal loss to memory
deficit and cognitive decline (27). Neurodegenerative processes
related to tau are necessary for clinical symptoms of AD and are
entirely sufficient to cause neurodegeneration in tauopathies where
amyloid plaques are absent (28, 29). In spite of significant scien-
tific progress in these two hypotheses, further studies are needed
to clarify the relationship between amyloid plaques, neurofibril-
lary tangles and cognitive decline in AD.

In this review, we summarize other hypotheses, which attempt
to explain neurodegenerative processes observed in AD.

a-synuclein as a pathogenic modulator in AD

a-synuclein is a generally expressed neuronal protein and
the primary component of Lewy bodies. Aggregates of this pro-
tein are found in a group of neurodegenerative disorders named
a-synucleinopathies, which include Parkinson’s disease. In approx-
imately half of the brains of AD patients a-synuclein aggregates
were found, mostly restricted to the amygdala (30, 31). It was found
that levels of soluble a-synuclein are about two fold higher in the
brains of AD patients than in control brains and correlate better
with cognitive impairment when compare to soluble A and tau
(32). Moreover, exaggerated expression of a-synuclein in a mouse
model induces memory impairment comparable to deficit found in
mouse models of AD. Some experimental data signalize that Ab,
tau and a-synuclein might synergistically interact and potentiatie
mutual accumulation (33).

Even if the role of a-synuclein in pathology is unclear, it
was found that a doubling of a-synuclein levels in neurons in
vitro slow down the movement of vesicles between presynaptic
endings and reduces the level of neurotransmitters that might be
released from the synapse. These changes might impair synaptic
transmission (34, 35).

The role of inflammation

Over the last decades a plenty of data were obtained, which
support the notion that the neurodegenerative process appearing
in AD, involves a strong interaction of the immune cells of the
Central Nervous System, primarily microglia (36). The major play-
ers of inflammatory pathways are microglia and astrocytes. Mol-
ecules involved in the inflammatory process include the neuronal
subtype of nicotine receptors, classic and alternative complement
pathways, peroxisome proliferators’ activating receptors, cytokines
and chemokines and to a lesser extent also neurons (37, 38, 39).

Aggregated amyloid B deposits seem to potentiate activation
of microglia expressing major histocompatibility complex II and
increase secretion of pro-inflammatory cytokines and chemo-
kines (40, 41, 42). Recently published data showed controversial

results regarding the role of the microglia in the nervous system.
The question, whether microglia should be considered a friend or
foe and whether neuroinflammation is a cause or a consequence
of processes accompanying AD, needs to be answered for further
explanation of the role of inflammation in Alzheimer’s pathologi-
cal pathways (42, 43).

Synaptic pathology: is it a cause or a consequence in AD?

The synaptic hypothesis suggests that AD is a synaptic dis-
ease (44, 45). It has been shown that synaptic impairment is an
early event in neurodegenerative processes during AD (46) and
that synaptic loss and failure corresponds with cognitive decline
in AD as well (47, 48). Although synaptic impairment is an early
event, synaptic damage also progresses over the course of the dis-
ease. Several factors such as a selective degradation of proteins,
abnormal function of synaptic proteins, decreased mRNA levels,
etc. were identified as a potential causes leading to the changes in
the synapses of AD brains (49, 50, 51). In addition, synaptic loss
was observed parallel to amyloid and tau pathology (52). Recently
it was shown that impaired synapses from AD brains released tau
protein in response to KCI stimulation (53). This in-turn may be
involved in the progression of tau pathology in the brain. This con-
cept has been intensely investigated in recent years (54, 55). On
the other hand, it is also suggested that tau can be a perpetrator of
synaptic impairment in AD and other tauopathies, reviewed earlier
(56). However, studies also show that hippocampal synaptic loss
in AD does not correlate with Braak stages and represent an early
stage in the disease progression, possibly associated with early tau
modifications (44). Therefore, the relationship between these two
paradigms is still debated.

The role of the reactive oxygen species and oxidative stress

Overproduction of free radicals leads to neuronal oxidative
stress, a condition connected with AD pathogenesis. Oxidative
modifications of all biomacromolecules were described in rela-
tion to susceptible neurons in AD. It seems that oxidative stress
is present in early stages of AD (57, 58, 59, 60).

It is suggested that oxidative stress in the brains of AD pa-
tients is relatively independent of plaques. The level of oxidative
stress is in reality lower in regions containing plaques compared
to regions without plaques. One potential explanation is that pro-
duction of AP might be a compensatory response to increased
oxidative stress (61, 62).

Reactive oxygen species that are generated mainly as byprod-
ucts of electron transport chain in mitochondria might induce
oxidative damage of cells and cells death. Mitochondrial oxida-
tive phosphorylation is the main source of free radicals, including
hydrogen peroxide, hydroxide radicals, and superoxide radical.
Consequent oxidative damage is present in lipids, proteins, nucleic
acids, and carbohydrates, molecules essential for structural and
functional integrity of neurons (63, 64, 65).

Formation of A oligomers in rat’s neurons in vitro produces
hydrogen peroxide and hydroxyl radicals that consequently in-
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duce lipids peroxidation in plasma membrane of neurons and glial
cells and impairs functions of ATP-ases and glucose transporters
leading to alteration of homeostasis of cell calcium and energy
metabolism as well as alteration of synaptic functions (66, 67).

The vascular hypothesis

The vascular hypothesis was postulated in 1993 by de la Torre
and Mussivand, proposing that abnormal angiogenesis plays a role
in AD pathogenesis (68). Neovascularization in the brain of AD
patients develops as a consequence of altered cerebral perfusion
(oligemia) and vessel damage (inflammation). Morphological and
biochemical data supporting this assumption include regional in-
crease of capillary density, formation of vascular loops, formation
of glommeruloids and expression of angiogenic factors (e.g. vascu-
lar endothelial growth factor (VEGF), transforming growth factor
B (TGF B), and tumor necrosis factor a (TNF a). It is suggested,
that angiogenic activation of the endothelium in grant the AD brain
leads to accumulation of AP plaques and secretion of neurotoxic
peptide, which selectively kills cortical neurons (69, 70, 71, 72).

Thrombogenic regions developing in the vessel walls lead to
intravascular accumulation of thrombin. Thrombin activates en-
dothelial cells that secrete APP via a receptor mediated, protein
kinase C dependent pathway. Progressive deposition of APP leads
to accumulation of AP plaques that induce production of reactive
oxygen species inducing further endothelial damage. Accumu-
lated thrombin stimulates angiogenesis and production of APP.
This cycle of events depending on the endothelium contributes
to the accumulation of AP in brains of AD patients and leads to
neuronal loss (73, 74).

Alteration of blood-brain barrier (BBB) permeability

Above mentioned vascular abnormalities found in AD con-
tribute to alterations of BBB permeability. Since, an intact BBB
is essential for prevention of infiltration of toxic products into the
brain, impairing BBB permeability leads to accumulation of toxic
products and subsequent synaptic and neuronal dysfunction (75,
76). It has been shown that A peptides, tau, a-synuclein and prion
protein can cross the blood—brain barrier and contribute to induc-
tion of disease (77, 78). BBB represents the connection between
neural and circulating cells of the immune system, thus plays a key
part in the generation and upkeep of chronic inflammation during
AD. Further studies are needed to fully elucidate the mechanisms
that regulate BBB collapse in connection to chronic neuroinflam-
mation in AD (79).

Cholesterol as a causative factor in Alzheimer disease

Apolipoprotein E (ApoE) represents one of the main apolipo-
proteins in plasma and the main transporter of cholesterol in the
brain. In humans three alleles of ApoE gene are known: €2, €3
a g4. A plenty of independent studies have shown that the ApoE
€4 allele is associated with an increased risk for AD, while ApoE
€2 seems to bestow protection (80, 81 82). However, ApoE €4 is

212

neither necessary nor able to cause AD, only increases the risk
of developing the disease. In vitro and in vivo studies confirmed
an AB-independent role for ApoE which may force neuroinflam-
mation, induce impairment of synaptic plasticity and modify the
response to neuronal injury (83).

Exact mechanisms that enable ApoE to participate on AD have
yet to be elucidated. Recent data proved the role of ApoE4 as a spe-
cific mediator of neuroinflammation, suggesting that faulty ApoE4
function modulates AP induced effects on inflammatory receptor
signaling (84). Another role of ApoE is in neuronal signalization,
participation on conservation of integrity of blood—brain-barrier
and in regulation of cholinergic neurotransmission (85, 86).

Nevertheless, the most important function of ApoE is its role
as mediator in AP metabolism. It was hypothesized that ApoE
may induce pathological -sheet conformational changes in A
(87). ApoE binds AP, influences accumulation and clearance of
AP and is necessary for accumulation of amyloid. Moreover,
ApoE influences deposition of amyloid in relation to particular
ApoE allele (86, 88).

The role of cholesterol in AD support the fact that intra-
cellular cholesterol might regulate processing of APP via direct
modulation of secretase activity or via modulation of intracellular
transfer of secretases or APP. Increased concentration of choles-
terol potentiates activity of y-secretase and the activity of amy-
loidogenic pathway, whereas reduced cholesterol levels promote
the non-amyloidogenic pathway. There exist several genetic fac-
tors that create connection between metabolism of cholesterol and
AD, however only for the ApoE gene the relationship was proven
(89, 90). However, contradictory data from different researches
have made it difficult to characterize whether the ApoE &4 allele
undergoes a gain of toxic function, neuroprotective function loss,
or both (91).

Hypothesis of metal accumulation in the brain

It is suggested that endogenous biometals such as copper, iron,
zinc and exogenous metals as aluminum might represent factors
or cofactors in AD pathogenesis. Pro-active role of metal ions in
stimulation of AP aggregation and their interaction with AP are
relatively well described in in vitro conditions. Majority of glu-
tamatergic synapses in cerebral cortex release zinc together with
glutamate. Zinc ions induce fast precipitation of A and have the
ability to form protease-resistant unstructured aggregates. More-
over, studies using animal models have shown that genetic abla-
tion of synaptic zinc significantly reduced the quality of amyloid
plaques (92, 93, 94).

Copper is released from synapses and acts as potential media-
tor of AP aggregation in conditions of mild acidosis. Moreover,
copper and iron might interact with A as catalysts for generation
of hydrogen peroxide via reduction processes utilizing oxygen
and enable reduction of compounds such as cholesterol, vitamin
C, and catecholamine (95, 96).

In relation to AD-related dyshomeostasis of metals is the role
of altered metabolism of aluminum interesting but controversial.
Even if aluminum is related to specific neurologic injuries, con-



Cubinkova V et al. Alternative hypotheses related to Alzheimer’s disease

nection between aluminum and AD-like pathology was not proven.
The role of aluminum in AD pathology remains unclear (97, 98).

Hypothesis of impaired insulin signalization

Abnormal function of insulin and axis of insulin-like growth
factors I (IGF-I) might constitute another potential mechanism
participating in the development of AD. Similarly to insulin,
IGF-1 also stimulates the release of AR from neurons and exerts
a stimulatory effect on clearance of amyloid from the brain (86).
Moreover, the levels of insulin and IGF-1 are altered in AD pa-
tients, while sensitivity of cells to insulin and IGF-1 is probably
reduced in these patients. Insulin exerts a twofold effect on brain’s
AB. On the one side insulin stimulates neuronal release of AP, on
the other side it participate on extraneuronal accumulation of Ap
via competition with insulin-degrading enzymes. Insulin results in
an increase of AP in the brain. IGF-1 reduces levels of A in the
brain and increases levels of plasma A3 bound to transport proteins.
Therefore, IGF-1 stimulates clearance of AP from the brains (99,
100). Progressive loss of sensitivity to IGF-1 and consequently to
insulin leads to accumulation of A in the brain. Initial reduction
of sensitivity to plasma IGF-1 in regions of the blood—brain-barrier
leads to reduced clearance of A and therefore to accumulation of
AP in the brain. Increased levels of AP prevent binding of insulin
and IGF-1 to their receptors and thus induce resistance to insulin/
IGF-1 in neurons. In response to this resistance, homeostatic com-
pensatory mechanisms are activated. These mechanisms increase
levels of insulin/IGF-1 to maintain functions of target cells. High
concentrations of insulin reduce ability of IDE (insulin degrading
enzyme) to eliminate A, which leads to Af accumulation and ac-
tivation of a self-perpetuating vicious circuit (101, 102).

Cell cycle hypothesis

A body of data indicates an important role of altered cell cy-
cle in AD pathogenesis. The cell cycle is regulated by a complex
mechanism of feedback with many control points. Neurons in the
hippocampus of adult individuals are in majority in a non-dividing
phases, named GO. If they reach this phase, cells become terminally
differentiated; it means that they are not able to re-enter the cell
cycle. However, this process is altered in vulnerable neurons. Data
indicate that cells in the GO phase that are not mitotically active,
are erroneously reactivated in AD and therefore forced into the
cell cycle, however, these cells are not able to complete the cell
cycle. Moreover, these differentiated cells do not undergo mitosis
because they have reduced ability to do so. Therefore these cells
undergo death via apoptosis (103, 104).

It seems that there exist both a direct and indirect relationship
between oxidative stress and abnormalities of cell cycle. This as-
sumption creates the basis for a two-hit hypothesis, suggesting that
neurodegeneration in AD develops as a consequence of oxidative
stress and altered cell cycle. The effect of these two hits induces
a detrimental cycle of oxidative stress, inflammation, aggregation
of AP and tau, mitotic dysfunction, and cell death. These processes
are involved in development of AD (105).

Hypotheses related to the role of neurotransmitters in Al-
zheimer’s disease

AD is characterized by degenerative changes in various neu-
rotransmitters systems, including the cholinergic, glutamatergic,
noradrenergic and serotoninergic system, and several systems
utilizing neuropeptides. Cognitive changes in AD patients are the
result of cholinergic and glutamatergic neurons, as well as altered
function of surviving neurons in these two systems (106).

Alteration of cholinergic neurons in AD patients participates
in cognitive and behavioral symptoms characteristic for this dis-
ease. This hypothesis is based on assumption that selective loss of
cholinergic neurotransmission in cerebral cortex and hippocampus
is the prime cause of cognitive dysfunction. Even if several differ-
ent biochemical changes were found in AD brains, impairment of
cholinergic functions is the most consistent finding and extent of
cholinergic system impairment closely correlates with severity of
the disease (107). Moreover, it is well known that anticholinergic
drugs (e.g. atropine, scopolamine) impair intellectual abilities in
normal individuals as well as in AD patients (108). Impairment of
cortical cholinergic neurotransmission participates ion pathology
of AP and increases phosphorylation of tau protein (107),

Glutamate is the main excitatory neurotransmitter in the brain.
It seems that glutamate receptors play a central role in impair-
ment of synapses induced by Ap oligomers. A oligomers bound
on neurons alter the activity as well as number of NMDA (N-
methyl-D-aspartate) and AMPA 2-amino-3- (3-hydroxy-5-methyl-
isoxazol-4-yl) propanoic acid) subtypes of glutamatergic neurons
in membranes with consequent impairment of signal pathways
participating on synaptic plasticity (109).

Prion-like hypothesis

Experimental evidence in recent years demonstrates that mis-
folded proteins involved in neurodegeneration such as tau, amy-
loid B or a-synuclein are able to be transmitted from cell to cell,
this phenomenon is called prion-like transmission (110, 111, 112).
Already in 1991, Braak and Braak showed that tau protein spreads
from the entorhinal cortex to the hippocampal region and then
reaches the isocortical areas (113). In the last decade, several
independent studies support the idea of prion-like spreading of
tau pathology and they have uncovered some mechanisms which
regulate this process (114, 115).

Conclusion

In summary, several hypotheses have been suggested in effort
to explain the pathogenesis of Alzheimer’s disease. Some of them
were mentioned in this review, such as amyloid and tau hypotheses,
inflammation, vascular hypothesis, oxidative stress, cell cycle hy-
pothesis and others. A plethora of independent studies support these
hypotheses and their role in Alzheimer’s pathogenesis, however,
none of them is able to exactly explain the mechanism leading to
Alzheimer’s disease. Therefore, further investigation is needed to
better understand all the processes behind Alzheimer’s disease.
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