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Abstract: Amyloid degradation toxicity hypothesis is the integrative theory of Alzheimer’s disease (AD). It
successfully interprets phenomena and paradoxes associated with AD pathobiology. The hypothesis explains
the limitations of currently used biomarkers of AD and proposes etiology-related parameters. These
parameters could be measured in humans and become novel diagnostic and prognostic clinical tools. Based on
the proposed framework, we foresee the development of effective medications to treat, stall the progression of,
or prevent the development of the disease. The promise is supported by published preclinical data. This
manuscript summarizes the amyloid degradation toxicity hypothesis of Alzheimer’s disease at different levels
of organization.
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SUMMARY

Level Processes relevant to AD pathobiology

Beta-amyloid is the neurotoxin that causes neurodegeneration in AD.

Primary molecular interaction underlying beta-amyloid cytotoxicity is the
formation of non-selective giant membrane channels.

Amyloid membrane channels are formed by amyloid fragments with a
Molecular
positive charge in membranes carrying negative surface charge.

Spontaneous aggregation of beta-amyloid cannot be initiated in the

intercellular space because of extremely low concentration, but existing amyloid

aggregates grow extracellularly by absorbing soluble beta-amyloid.

Lysosomes are the primary target in cytotoxic action of beta-amyloid.
Intralysosomal digestion of beta-amyloid produces channel-forming amyloid
Organelle
fragments. Lysosomal membrane carries significant negative surface charge

required for the formation of membrane amyloid channels.

Endocytosis of beta-amyloid is the first step required for cytotoxicity.
Cellul Membrane channels of any size cause lysosomal disfunction, while extremely
ellular
large channels allow for the leakage of lysosomal proteins to the cytoplasm.

Leaked cathepsins induce either necrosis or apoptosis.
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Lysosomal permeabilization and lysosomal failure is the origin of other
cellular hallmarks of AD — mitochondrial insufficiency, increased production of
reactive oxygen species, appearance of dysfunctional lysosomes, tau-protein
accumulation, intracellular ion disturbances etc.

Beta-amyloid, which is stored intralysosomally, is the origin of aggregation
seeds. Seeds of aggregated beta-amyloid are exocytosed and then grow
extracellularly. Endocytosis of beta-amyloid is required for the appearance of

senile plaques.

Tissue/Organ

Cellular death explains gross brain pathology in AD (especially in advanced
stages of the disease): parenchymal atrophy, low metabolism etc.

The common origin of both aggregation and cytotoxicity — cellular uptake of
beta-amyloid - explains why the presence of senile plaques is the hallmark of AD.
Therefore, the density of amyloid deposits is pathophysiology-relevant but

indirect biomarker of AD.

Organism

Patients with late-onset AD have higher cellular uptake of A42 compared
with subjects with normal cognition. As both neurodegeneration and beta-
amyloid aggregation are initiated by the same process - cellular amyloid uptake
- higher amyloid uptake is the reason for faster neurodegeneration and higher
density of amyloid deposits in patients with AD.

The concentration of A342 in the CSF is predominantly defined by the
aggregation of toxic soluble peptide on existing amyloid deposits, while the
density of deposits correlates with neurodegeneration. For that reason, CSF-A[342
can serve as a standalone AD biomarker which is similar in value to the density
of amyloid deposits. Therefore, CSF-AB42 is also pathophysiology-relevant but
indirect biomarker of AD.

However, in patients with the same density of beta-amyloid deposits, higher
cellular uptake rate results in lower CSF-A[342. At predefined density of deposits,
lower CSF-Af42 indicates higher cellular amyloid uptake and faster
neurodegeneration. Therefore, CSF-AP42 has diagnostic value, which is
independent of the diagnostic value of the density of amyloid deposits. It is
advantageous to use two major amyloid biomarkers together if possible until

direct pathophysiology-relevant biomarkers are developed.
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The probability of AD diagnosis in a particular patient depends on the
accumulated neurotoxicity of Ap42, which in turn depends on the accumulated
amount of endocytosed A[342. However, the neurotoxicity of endocytosed Ap42
also depends on the relative toxicity of this peptide. Relative toxicity can be
different between patients. The mathematical model which considers all these
conditions accurately reproduces clinical data on the distribution of biomarkers
and probability of AD in the population.

Currently used biomarkers (the density of amyloid deposits and the
Population | concentration of Af342 in the CSF) are related to AD pathobiology and have good
correlation with the disease. However, the ability to diagnose and, more
importantly, predict the development of the disease, is limited by their non-direct
nature.

Methods that allow for the estimation of cellular amyloid uptake (such as the
stable isotope labelling kinetics technique, SILK) would be more optimal for
developing biomarkers and predictors of AD. Methods to estimate and modulate
the relative neurotoxicity of beta-amyloid in patients are also the way to address

the unmet need in the treatment of Alzheimer disease.

The description of the amyloid degradation toxicity hypothesis
For each level of organization, the logic is presented through a series of statements and
conclusions, which are identified by indentation and highlighting/shading.

Molecular level

Beta-amyloid is cleaved from a long precursor molecule (amyloid precursor peptide, APP) by

proteases called secretases.

The predominant form is 40-amino acid-long peptide (A[340), however, senile plaques in the brain,
which are histological hallmarks of AD, contain mostly 42-amino acid-long A{342. Both amyloid

forms are produced by consecutive action of beta-secretase and gamma-secretase.

Immediately after synthesis, beta-amyloid does not have secondary structure and is soluble.

With time, the peptide can form pleated beta-sheet (one of two major secondary protein structures)
within the molecule. The formation of multimolecular beta-sheets produces beta-amyloid

oligomers.

Elongation of oligomers and interaction between multiple oligomeric complexes form insoluble

aggregates. Senile plaques are amyloid polymers which include other proteins.

Polymerization of beta-amyloid results in the formation of insoluble aggregates.

Among beta-amyloid isoforms, AB42 is most prone to aggregation.
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Soluble beta-amyloid is toxic to healthy cells in vitro, while aggregated beta-amyloid is non-toxic.

Cytotoxicity is mediated by oligomeric form of beta-amyloid [1].

Senile plaques are the hallmark of AD but are not the etiology of the disease.

There is no known receptor or ion channel which can be activated by beta-amyloid peptide(s) in a

way that such activation would result in cell death.

Absorption of beta-amyloid on lipid membranes can cause membrane damage only in
concentrations exceeding 1 pM [2, 3], while extracellular concentrations of beta-amyloid are in the

nanomolar range.

Beta-amyloid peptide(s) can form membrane channels [4-6].

The formation of amyloid membrane channels is the only known primary molecular

mechanism that can explain cytotoxic action of endogenous beta-amyloid.

Some amyloid fragments form membrane channels much more effectively than full-length

peptides [6-8].

Not all fragments have channel-forming ability [7, 8].

Channels are formed in membranes carrying negative surface charge [7, 9].

Each channel is formed by multiple molecules of peptide (channels are oligomers) [10].

Amyloid membrane channels are non-selective [4, 5].

Channels are giant (with conductance up to several nanosiemens) and have various sizes [4-6, 11,

12].

The largest channels (conductance higher than 1 nS) can pass macromolecules [13].

Beta-amyloid can induce cell damage if:
1. There is a production of channel-forming fragments

2. These fragments can target membranes carrying negative surface charge

Alzheimer’s disease is developing over multiple years.

The conductance of a single channel is sufficient to destroy the barrier function of membrane of an

organelle or whole cell [5].

In physiological conditions, the formation of amyloid channel which can cause cell
death is rare. It is likely that not every instance of channel formation leads to cell

death.
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Figure 1. Aggregation of beta-amyloid into structures of various types including the formation of
non-selective amyloid membrane channels.

Red sections of peptide — beta-sheet-forming strands; blue — sequences which do not form beta-
sheet. Black curved lines — other proteins stuck in the aggregated beta-amyloid. “N” and “C” denote
N- and C-terminals of peptide. Immediately after being synthetized, beta-amyloid does not have a
stable conformation and is soluble. It becomes insoluble after aggregation.

Beta-amyloid can be digested by proteases. Some fragments aggregate, and some of aggregates
can form tubular structures (channel-forming units). After incorporation into lipid membrane, such
unit becomes a membrane channel. The incorporation requires negative surface charge of the
membrane. Amyloid channels are large and non-selective.

Organelle level

Outer leaflet of plasma membrane of healthy cells is not negatively charged [14].

There is extremely limited experimental electrophysiological data that supports the formation of

giant amyloid channels in plasma membrane of cultured cells in vitro [15].

Amyloid membrane channels are not formed in cellular plasma membrane.
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Inner mitochondrial membrane (IMM) is negatively charged but known pathways require the
involvement of other organelles (such as endosomes) for the delivery of channel-forming beta-

amyloid fragments to the IMM [14].

Mitochondrial membrane is not a likely target for permeabilization by amyloid

membrane channels.

Beta-amyloid is endocytosed by cells and is accumulated in lysosomes [16].

The presence of a variety of lysosomal proteases suggests that at least some of them can generate

channel-forming fragments [17].

Lysosomal membranes have a strong negative surface charge [14], which is the prerequisite for

the formation of membrane amyloid channel [8].

Lysosomes are both the producers of channel-forming fragments and the targets of

these toxic amyloid species.
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Figure 2. Three main locations of negatively charged lipids in a healthy mammalian cell: inner layer
of plasma membrane, mitochondrial membrane (the inner membrane is the one of most interest due
to its function and because the outer membrane has non-specific permeability), and lysosomal
membranes.

Out of three locations, lysosomal membrane is the only one which can be exposed to channel-
forming amyloid fragments because of biological function of this organelle. Lysosomal proteases
digest beta-amyloid into channel-forming fragments, while lysosomal membrane carries significant
negative surface charge.
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Cellular level

Cells exposed to the AP42 demonstrate synchronous oscillations of concentrations of several
intracellular ions (calcium, sodium, potassium, pH), that matches the concept of an opening of a

non-selective membrane channel [18].

The frequency of channel conductance oscillations that are observed electrophysiologically
(millisecond range, [4, 5]) does not match the time scale of oscillations in intracellular ion

concentrations (seconds to minutes, [18, 19]).

The conductance of amyloid membrane channels is very high. If a channel is formed in the plasma

membrane, intracellular and extracellular ion concentrations will equilibrate fast [5].

The cellular ion concentrations return to their baseline after each individual wave induced by

exposure to beta-amyloid [18].

The direction of ion disturbances and rapid recovery does not support the concept that channels

are formed in the plasma membrane [20].

Amyloid membrane channels are not formed in cellular plasma membrane.

Observed oscillations in intracellular ion concentrations (increases in calcium and potassium and
decreases in pH and sodium) match the ion disturbances that could be caused by the

permeabilization of lysosomes [20].

The small volume of individual lysosomes allows for quick restoration of normal ion balance in
the cell following the damage to a single lysosome, resulting in the observed ion disturbance as a

wave.

The oscillations are caused by the permeabilization of multiple lysosomes [20].

Channels in lysosomal membranes explain intracellular ion changes induced by the

exposure to beta-amyloid.

Cells exposed to the AB42 demonstrate the leakage of content from multiple lysosomes (but not

all), without any indication of plasma membrane damage [21, 22].

Cells exposed to the AP42 demonstrate the leakage of content from lysosomes before cell death

[21].

In cells exposed to the beta-amyloid, lysosomes leak not only small molecules (such as Lucifer
Yellow, M.W.444 [21] or ethidium bromide, M.W.394 [15]), but also larger molecules such as
cathepsin D and enzymes with M.W. 150 kDa [21].
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The electrophysiological data suggests that the largest amyloid channels allow for the passage of

macromolecules [12, 13].

Channels in lysosomal membranes explain lysosomal permeabilization induced by

the exposure to beta-amyloid.

Channels in lysosomal membranes explain lysosomal permeabilization that occurs

without a damage to the plasma membrane.

Even a single channel is enough to equilibrate ion concentrations inside entire organelle with

the cytoplasm.

Amyloid membrane channel, regardless of its size, is permeable to protons and can cause

lysosomal content to become non-acidic.

Neutralization of lysosomal content inactivates acidic proteases, prevents normal digestion of

lysosomal cargo, and results in lysosomal failure.

Improper cellular recycling due to lysosomal failure prevents the removal of damaged

lysosomes.

Channels formed in lysosomal membranes can explain lysosomal failure which is

the hallmark of AD.

The largest amyloid channels (with a conductance of several nS), though rare, are capable of

transporting macromolecules that are equal to or larger in size than lysosomal cathepsins [13].

The lysosomal cathepsins released into the cytoplasm can induce either necrosis or activate

caspases, leading to apoptosis. In both cases, cell death occurs.

Lysosomal permeabilization due to the formation of channels in lysosomal

membrane can lead to the cell death

After the exposure to beta-amyloid, the pathway leading to cell death is a multistep process that

includes endocytosis, intralysosomal proteolysis, and the leakage of cathepsins into the cytoplasm.

The formation of giant amyloid channel is a rare event. Only a small percentage of amyloid

channels can kill the cell.

It could require long exposure to beta-amyloid to produce sufficient number of cytotoxic channels

in a significant proportion of cells.

Cell death does not occur immediately after an exposure to beta-amyloid.

The formation of small channels is a more frequent event, but it does not directly lead to cell death.
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Cells with lysosomes carrying small amyloid channels survive but would have dysfunctional

lysosomes present.

After the exposure to beta-amyloid, the cell death is primarily mediated by the formation of

extremely large (giant) channels.

Lysosomal failure in AD is observed because many damaged neurons survive but

cannot remove damaged lysosomes.

The symptoms of AD depend on the number and functional status of remaining neurons.

Neurons which are damaged by the formation of small amyloid channels can recover.

The recovery requires the prevention of formation of new channels.

It is feasible that some AD symptoms (specifically those which appear due to
disfunction of surviving neurons) could be reversed if the formation of new amyloid

channels is prevented.

The progression of AD depends on the rate of neuronal death.

Closing small amyloid channels is an ineffective way to prevent amyloid-induced

neuronal death.

To slow the progression of AD, the cytotoxicity which is induced by the formation

of giant amyloid channels, should be prevented.
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Figure 3. Cellular metabolism of beta-amyloid leading to lysosomal permeabilization and cell death.

Endocytosed beta-amyloid is degraded by lysosomal proteases. The fragments are farther

digested, but some fragments form circular oligomers which incorporate into the lysosomal
membrane.
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Channels of any size allow for the equilibration of pH gradient across lysosomal membrane.
Neutralization of intralysosomal content inactivates acidic proteases. Improper function of proteases
leads to lysosomal dysfunction and autophagy failure.

Large channels allow for the passage of ions and small molecules (such as Lucifer Yellow which
is used to label endosomes and appears in the cytoplasm if cells are exposed to beta-amyloid).

Largest channels (“Giant”) allow for the passage of macromolecules including lysosomal
proteases. The appearance of proteases in the cytoplasm results in either necrosis or the activation of
the apoptotic pathway. In both cases, cathepsin leakage results in cell death.

Tissue/Organ level

Neurons are responsible for 70-80% of total brain energy consumption [23, 24].

Neuronal loss is a major contributor towards lower brain metabolic activity in

patients with AD.

Lysosomal failure leads to improper recycling of various cell organelles.

Mitochondria are the most sensitive to improper recycling due to high rate of metabolic damage.

Accumulation of damaged mitochondria results in an increased generation of reactive oxygen

species which in turn amplifies the damage to other organelles.

Damaged but not recycled organelles occupy intracellular space and prevent normal mitogenesis.

Mitophagy/mitogenesis disbalance in cells exposed to beta-amyloid explains higher
production of toxic ROS and could be another contributor to lower brain metabolic

activity in patients with AD.

The aggregation of AB42 cannot be spontaneously initiated in the interstitial fluid due to a very

low concentration of peptide (around 1 nanoM).

Endocytosed A[42 is concentrated inside lysosomes up to 100-fold and can be observed

intracellularly for more than 48 hours [16].

Estimated intralysosomal A{342 concentration and the length of AP42 presence inside lysosomes

allow for the initiation of amyloid aggregation [25].

Aggregated A342 is resistant to proteolytic digestion and can be sequestered inside cells.

Intracellular amyloid aggregates are typical in AD brains.

As an alternative to intracellular sequestration, non-digested AB42, including aggregated peptide,

is exocytosed.

When exposed to AP42, cultured cells in vitro promote beta-amyloid aggregation [26, 27].

Extracellular aggregation seeds are initially formed intralysosomally.
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Higher intensity of endocytosis results in increased production of aggregation seeds to the

interstitial fluid.

Faster accumulation of amyloid deposits will be observed in patients with higher

rate of AB42 endocytosis.
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Figure 4. Aggregation can be initiated inside lysosomes but not in the interstitial fluid. A: The kinetics
of beta-amyloid aggregation in solutions with various concentrations measured by thioflavin T
technique (re-plotted from Cohen et al., 2013). The delay, when aggregation seeds are formed, can be
quantified as the time until the fluorescence reaches half of the maximum. B: Half-time of aggregation
is linearly dependent on the logarithm of peptide concentration. C: The extrapolation of aggregation
half-times to physiological concentrations of beta-amyloid. At concentration 1 nM, which corresponds
to the concentration in physiological fluids, the formation of seeds will require more than 5 years.
However, at concentration 100 nM, which corresponds to the concentration inside lysosomes, half-
time of aggregation is only 5 days. Endocytosed amyloid can be observed intralysosomally for several

days.
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Endocytosed amyloid is concentrated and stored intralysosomally forming aggregation seeds
(top row). Aggregated amyloid is resistant to digestion and is either sequestered or is exocytosed.
Exocytosed seeds, which also include lysosomal proteins, aggregate more extracellular amyloid, and
eventually form senile plaques.

Some fragments created during proteolytic digestion can form membrane channels (bottom
row). Lysosomal permeabilization and following leakage of cathepsins result in cell death.

Organism level

Both the cytotoxicity and the appearance of senile plaques are the consequence of the same initial

process - endocytosis of A342.

The density of amyloid aggregates in the brain positively correlates with the level

of neurodegeneration.

The density of amyloid deposits can be measured in living subjects by positron emission

tomography (PET) using appropriate positron-emitting probes.

While the density of amyloid aggregates is relevant to AD pathophysiology, it is

indirect biomarker of AD.

In patients with AD, the concentration of A(342 in the CSF is lower compared with the

concentration in the subjects with normal cognition.

Synthesis of A42 in patients with AD is not different from subjects with normal cognition [28,

29].

In patients with AD, CSF flow is either the same or lower than in subjects with normal cognition

[30, 31].

Neither lower synthesis nor higher CSF flow explain lower concentration

of AB42 in the CSF in patients with AD.

Existing amyloid aggregates serve as aggregation centers for soluble Ap42.

If the density of existing aggregates is high, more freshly synthesized A(342 aggregates.

If higher ratio of freshly synthesized A[42 is aggregating, the concentration of A{342 in the

interstitial fluid becomes lower, so less A342 is transported to the CSF.

Patients with AD have higher density of amyloid deposits.

AD patients have lower levels of AB42 in the CSF due to the increased aggregation
of AB42 on existing amyloid plaques.

The density of amyloid deposits, which is the biomarker of AD, is the major determinant of the

level of A342 in the CSF.
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The concentration of AB42 in the CSF is relevant to AD pathophysiology, but

similarly to the density of amyloid deposits, also is the indirect biomarker of AD.

The concentration of AB42 in the CSF as the standalone biomarker has diagnostic

value that is similar to PET measurements [32].

According to multivariate correlation analysis, CSF-A[342 levels and PET imaging data have
independent predictive powers for AD diagnostics, even though these two biomarkers are highly

correlated [33].

The combination of two biomarkers (PET data and the concentration of AB42 in the

CSF) provides more information than each biomarker alone.

If to compare the concentration of Af342 in the CSF of patients with AD and subjects with normal

cognition with the same density of amyloid deposits, the A342 concentration in patients with AD

is significantly lower [29, 34].

There is some aggregation-independent process which affects the concentration of
AB42 in the interstitial fluid and has the rate which is different between patients

with AD and subjects with normal cognition.

The rate of removal with the CSF is not higher in patients with AD compared with the subjects

with normal cognition, so this additional process occurs inside the brain.

The synthesis rate of A42 is not different between patients with AD and subjects with normal

cognition [28, 29].

The additional process is the aggregation-independent intrabrain removal of AB42.

High ratio of patients with high density of amyloid aggregates also have advanced

neurodegeneration, but some of them have no cognitive deficiencies at all.

For each given density of amyloid deposits, there is a maximal concentration of A{342 in the CSF

that can be observed [29, 35].

Subjects with the highest possible concentrations of AB42 in the CSF for a given amyloid deposits

density have very low probability of AD [34].

Increased aggregation-independent intrabrain removal of A[342 results in the decrease of A[342

concentration in the CSF [29].

The aggregation-independent intrabrain removal of AB42 is more intense in the

brains of AD patients [29].

Most of intrabrain A342 removal is mediated by proteolytic degradation.
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Most proteases are located intracellularly.

To be degraded by proteases, AP42 needs to be internalized by cells.

Major way of AP42 cellular uptake is endocytosis.

AB42 endocytosis is increased in the brains of AD patients.

Endocytosis is the initial step of beta-amyloid neurotoxicity.

Increased AP42 endocytosis is involved in higher neurodegeneration in AD

patients.

Stable isotope labeling kinetics (SILK) technique enables the investigation of beta-amyloid

turnover in the brain of living patients [28, 36].

SILK studies showed increased irreversible intrabrain removal of AB42 in AD patients which can

be observed even in the absence of existing plaques [37].

The data generated by the studies of beta-amyloid turnover supports the
hypothesis about higher AB42 endocytosis in patients with AD.

SILK studies also demonstrated that patients with mutation-induced AD are characterized by the

presence of “exchange pool” of freshly synthesized AP42. In subjects with normal cognition, the

size of such pool is not statistically different from zero [37].
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Figure 6. The distribution of two major amyloid biomarkers in research subjects from the ADNI
database (Alzheimer’s Disease Neuroimaging Initiative) and the model which was used to analyze
them (redrawn from Zaretsky et al., 2022). A. Amyloid load and the concentration of A{342 in the CSF
(CSF-Ap42) were measured in subjects with normal cognition (NC), patients with Alzheimer’s disease
(AD), and patients with late-onset mild cognitive impairment (LMCI). Amyloid load was measured
by PET and expressed in centiloids (CL). Scatter plot of CSF-A342 vs amyloid load for individuals
from three groups is shown. B. The schematic of the compartment model of beta-amyloid turnover
used to describe the mathematical relationship between CSF-Ap42 and amyloid load in the brain.
Biomarkers are shown in red.

Increased endocytosis of AP42 is associated with the exocytosis of non-aggregated intralysosomal

AP42 which is exocytosed along with amyloid aggregation seeds.
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Dramatically increased endocytosis of AB42 fits the concept of “exchange pool”.

Increased endocytosis explains both increased irreversible intrabrain removal of

Ap42 and larger size of its “exchange pool”.

Increased cellular uptake of AP42 is one of reasons for the increased production of channel-

forming fragments, but there could be other reasons.

Increased activity of proteases producing channel-forming fragments and/or decreased activity of
proteases degrading fragments would result in higher concentration of toxic fragments. Such

disbalance would increase beta-amyloid toxicity without increased uptake.

Cellular A342 uptake in patients with early-onset AD is not different from uptake in subjects with
normal cognition [29]. The early-onset AD is most likely characterized by higher toxicity of
endocytosed A342.

The amyloid degradation toxicity hypothesis provides the framework for

pathophysiology-based classification of various forms of AD.
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Figure 7. Analysis of two major amyloid biomarkers suggests that the severity of cognitive
impairment in AD correlates with the rate of intrabrain amyloid clearance. A. According to the model,
the dependence between CSF-A342 and amyloid load can be described by a hyberbola (shown),
where S and R are constants. S is linearly proportional to the synthesis rate. R is proportional to the
sum of intrabrain amyloid clearance rate and normalized CSF flow. Lines represent best fits for each
group. B. The inferred values of the parameter R for studied groups. The values of R for the NC and
AD groups were statistically different (z-test, p<0.05). No differences were found between values of S
for any group (correspondingly, synthesis rates were not different that matches direct estimation of
synthesis rate using SILK technique). Considering that removal with CSF flow can be either the same
or lower in patients with AD, higher value of R suggests that intrabrain amyloid clearance is higher
in patients with AD. In the LMCI group, the value of R was higher than in the NC group and lower
than in the AD group, but the differences did not reach statistical significance.
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Population level

The probability of the disease in a particular patient increases with increased accumulated cellular

uptake of APB42.

The probability of AD is increasing with age.

Cellular uptake defines the toxic insult made by beta-amyloid, but the level of neuronal death,
severity of clinical symptoms, and eventually the diagnosis of AD depends on the individual

relative toxicity of endocytosed beta-amyloid.

The ability of lysosomal proteases to produce and degrade channel-forming fragments defines
relative toxicity of endocytosed amyloid. Also, the ability of cells to resist the consequences of
lysosomal permeabilization has individual variability (for example, due to different levels of

cytoplasmatic protease inhibitors).

There is a wide variability of sensitivity (resistance) to toxic action of beta-amyloid.

Patients with high rate of endocytosis have higher probability of advanced
neurodegeneration and AD diagnosis, but some of them can have no cognitive

deficiencies.

High endocytosis of beta-amyloid leads to increased accumulation of amyloid aggregates (higher

amyloid load, higher amyloid PET signal)

In average, patients with high amyloid load have higher rate of neurodegeneration
and higher probability of AD diagnosis, but some of patients with high values of

amyloid PET signal can have normal cognition.

The same process - endocytosis of A342 — initiates both neurotoxicity and amyloid aggregation.

Both accumulated cytotoxicity and the density of senile plaques are increasing over time (and,

correspondingly, with age).

The model, which describes the turnover of AB42 as the interaction between synthesis, transfer to
the CSF, aggregation on existing plaques, and cellular uptake of the peptide can be expressed as

the system of differential equations.

In modeling, the probability of AD diagnosis can be approximated as a sigmoid function of
accumulated amount of endocytosed beta-amyloid. At low accumulated uptakes, until some
threshold is reached, the neurotoxicity can be compensated, so the probability of AD diagnosis is
close to zero. At highest accumulated uptakes, neuronal death reaches levels when the probability

of AD diagnosis approaches 100% and cannot be increased anymore.
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Clinical dataset, which contains values of amyloid deposits density and levels of A{342 in the CSF
in populations of patients with AD and subjects with normal cognition (ADNI database), was used

to infer the parameters of the model [38].

The model reproduces the distribution of late-onset AD in the population if best-

fit set of parameters is used.

A goodness-of-fit test confirms that the model reproduces clinical data accurately [38].

The distribution of two major amyloid biomarkers in human population supports

the amyloid degradation toxicity hypothesis of Alzheimer’s disease.
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Figure 8. The schematic of the model describing the probability of AD (and clinical symptoms, in
general) as a function of accumulated amyloid uptake. .

Cellular amyloid uptake initiates both amyloid toxicity and aggregation. After uptake,
aggregation seeds, which are formed intralysosomally, are exocytosed and absorb soluble beta-
amyloid from the interstitial fluid to form senile plaques. Also, the interstitial fluid is cleared of Ap42
by the transfer to the cerebrospinal fluid which is constantly produced. The model was tested using
dataset shown at Figure 6.
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Figure 9. The model, which considers that cellular amyloid uptake initiates both amyloid toxicity and
aggregation, reproduces how the probability of AD diagnosis depends on amyloid load measured by
PET and concentration of A342 in the CSF (CSF-AP42). A: The probability of Alzheimer’s disease as
a function of CSF-A342 and amyloid load based on the best-fit parameters of the model. The overlain
scatter plot shows data points indicating subjects with normal cognition (NC, green circles) and
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patients with Alzheimer’s disease (AD, yellow circles). B: Calculated dependence of probability of
AD diagnosis on the CSF-A{342 for patients with various density of amyloid deposits (measured as
amyloid PET signal). Within groups of patients with the same PET, the probability is higher if CSF-
AP42 is lower. The range of CSF-AP42 levels in amyloid-positive patients (0.5-1 ng/ml) is shown as
gray rectangle. The probability of AD diagnosis is higher in subjects with higher amyloid load.

Amyloid degradation toxicity hypothesis as the integrative theory of Alzheimer’s disease

The hypothesis was described at all levels of biological organization — from molecular to

population.

The hypothesis suggests the etiology and pathophysiology of the disease.

Amyloid degradation toxicity hypothesis is an integrative theory.

There are two major paradoxes in any amyloid-centric theory of AD:

1. Beta-amyloid aggregates are non-toxic, but AD is associated with high density of aggregates.

2. Soluble A(42 is cytotoxic, but AD diagnosis is associated with lower levels of soluble A342 in
biological fluids.

Amyloid degradation toxicity hypothesis interprets both paradoxes.

AD is characterized by lysosomal failure, lysosomal permeabilization, activation of apoptosis,
accumulation of intracellular amyloid aggregates, mitochondrial disfunction, increased reactive

oxygen species production, lower brain metabolism, accumulation of tau protein etc.

The general human population is characterized by a particular distribution of amyloid biomarkers.

Amyloid degradation toxicity hypothesis offers the interpretation to these

phenomena.

The hypothesis explains why currently used amyloid-based biomarkers of AD (brain amyloid load
and level of ApB42 in the CSF) are associated with the pathophysiology of AD.

Both amyloid biomarkers provide indirect measures of parameters relevant to the etiology of AD.

The hypothesis interprets why there is a significant overlap between two
biomarkers as well as what independent information can be found if these two

biomarkers are considered together.

The hypothesis interprets various phenomena associated with AD.

To have a value, the hypothesis needs to provide a framework for future productive

research.

The hypothesis identifies processes which are relevant to AD pathophysiology and can be

quantitatively characterized in a patient.
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The rate of cellular amyloid uptake is likely to be the most informative parameter. There are tested

approaches to measure this rate in clinical practice.

The hypothesis suggests novel biomarkers which are directly related to AD
pathophysiology.

The hypothesis explains why currently used treatments do not prevent the progression of the

disease.

The hypothesis explains why dissolving amyloid deposits did not result in a reliable clinical effect.

The hypothesis identifies the etiology of AD and involved biochemical and cellular pathways.

The etiology and pathways involved in the AD contain druggable targets (for example, proteases

can be inhibited).

The hypothesis provides the framework for the development of novel medications

to treat, slow the progression, or prevent the development of Alzheimer’s disease.
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