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Abstract: The manuscript presents the comprehensive integrative theory of the etiology and 

pathogenesis of Alzheimer’s disease - the amyloid degradation toxicity hypothesis - and describes 

the logic that underlies it. The analysis of amyloid biomarkers and stable-isotope label kinetics 

(SILK) studies suggest that AD diagnosis is associated with higher cellular uptake of beta-amyloid. 

Uptake of beta-amyloid by cells is needed for its cytotoxicity, so the uptake rate should correlate 

with the rate of neurodegeneration. Also, the initial step in forming extracellular aggregates cannot 

occur in the interstitial fluid due to the extremely low concentration of beta-amyloid but can occur 

intralysosomally. Therefore, the density of extracellular aggregates should positively correlate with 

the rate of cellular amyloid uptake. The model, which considers that both cytotoxicity and 

aggregation of beta-amyloid are defined by cellular uptake, successfully reproduces the probability 

distribution of AD diagnosis in the population. Cellular uptake of beta-amyloid is mediated by 

endocytosis. Endocytosed beta-amyloid induces lysosomal permeabilization that occurs without 

plasma membrane damage. Lysosomal permeabilization explains ion disturbances, such as an 

accumulation of intracellular calcium, caused by cell exposure to extracellular beta-amyloid. Some 

amyloid fragments, produced from beta-amyloid by lysosomal proteases, can form membrane 

channels in lysosomal membranes, which are large enough to leak cathepsins to the cytoplasm. 

Appearance of proteases in the cytoplasm results in necrosis and/or initiation of apoptosis. If the 

cell survives, the damage of lysosomes leads to autophagy failure and slow recycling of 

mitochondria, promoting the production of reactive oxygen species and potentiating cell damage. 

Considering the above, the integrative theory of AD etiology and pathogenesis can be formulated. 

The etiology of AD is the membrane channel formation by amyloid fragments produced in 

lysosomes. The pathogenesis includes lysosomal permeabilization by giant membrane channels, 

which leak lysosomal proteases into the cytoplasm. The correlation between the density of amyloid 

aggregates and the probability of AD appears because the intensity of cellular uptake defines both 

aggregation rates in vivo and cytotoxicity of beta-amyloid. The amyloid degradation toxicity 

hypothesis is the integrative theory of Alzheimer’s disease (AD). It successfully interprets multiple 

phenomena and paradoxes associated with AD pathobiology at various levels, from molecular and 

cellular to biomarkers. 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 disease 

development. 

Keywords: Alzheimer’s disease; beta-amyloid toxicity; amyloid depositions; cellular uptake; 

lysosome 

 

Introduction 

It was said multiple times that the absence of effective treatments to slow down or prevent 

Alzheimer’s disease results from the lack of understanding of the etiology and pathogenesis of this 

illness. Billions of dollars were spent on studies in basic research and clinical settings, and the 
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research community accumulated multiple facts about this disease. Nevertheless, no integrative 

theory emerged. By integrative theory, we consider the theory which describes the disease's origins 

and progression starting at the molecular level. Integrative theory links these molecular changes with 

disturbances at the organelle and cell levels and extends all the way to the population analysis of 

disease prevalence.  

Even though most scientists only hope that such a theory will emerge soon, we discovered 

sufficient data to formulate a framework for an integrative theory of AD. In this manuscript, we 

present the supporting data and the structure of the hypothesis, which we call the “amyloid 

degradation toxicity hypothesis.” 

Dr. Alzheimer first described a certain kind of dementia [1], which was later named in his name 

(Alzheimer’s disease, AD) [2]. Utilizing his skills in histological analysis, he discovered and described 

extracellular senile plaques and intracellular neurofibrillary tangles as specific to the disease. As was 

found later, the main component of the extracellular deposits is beta-amyloid protein (Aβ) [3, 4]. 

Considering that Aβ is toxic to cells in vitro [5-7] and that histopathological changes are more likely 

to occur in cells in close proximity to the plaques [8-10], it is understandable why, for a long time, the 

scientific community had associated the etiology and pathogenesis of AD with the Aβ plaques 

themselves. The positron emission tomography (PET) technique, which allowed for the measurement 

of the density of amyloid deposits in live subjects, brought more data that seemingly supported the 

potential role of Aβ deposits in AD pathogenesis [11]. First, in consensus with data observed in 

postmortem pathology, patients diagnosed with AD had significantly denser amyloid deposits. Even 

more importantly, patients with a significant density of amyloid deposits were more prone to decline 

cognitively compared to amyloid-negative individuals [12]. 

The strong correlation between the density of amyloid deposits and the probability of diagnosis 

was the primary reason for the overwhelming dominance of amyloid-centric theories of AD. The 

most attractive among them was the amyloid cascade hypothesis, which capitalizes on the fact that 

beta-amyloid can aggregate spontaneously. This hypothesis claims that the deposits somehow drive 

neurotoxicity [13], so targeting the accumulation of insoluble beta-amyloid could lead to the 

treatment of the disease or, at least, to the prevention of the disease progression. Correspondingly, 

the ability to measure the density of amyloid aggregates in living patients and the possibility of 

dissolving extracellular amyloid deposits attracted most pharmaceutical investments in the last two 

decades.  

Unfortunately for human patients, many experimental studies in animal models supported this 

pharmacological approach. However, recent clinical trials to dissolve amyloid deposits largely failed 

or showed relatively low effectiveness [14]. The best effect of confirmed “dissolving” amyloid 

deposits is estimated as slowing the progression of cognitive decline by 30%, very far from prevention 

or cure, which can be expected if amyloid deposits are, in fact, the driver of neurodegeneration. 

However, the low effectiveness of such treatments is in line with the fact that beta-amyloid aggregates 

are non-toxic by themselves, even though soluble Aβ is cytotoxic [5-7]. The very fact that not any 

successful removal of plaques slows down the progression of AD underscores the irrelevance of 

plaques as such to the progression of the disease. Failures of clinical trials force the research 

community to critically assess the validity of assumptions underlying amyloidocentric theories of 

AD. Even though the wave of current anti-amyloid pressure has its reasons, the integrative theory of 

AD (whatever it would be) needs to explain the correlation between the accumulation of these non-

toxic deposits and the diagnosis of AD. Correlation does not mean causation: neuronal death and the 

accumulation of Aβ deposits could be two consequences of a third process. In any case, it is logical 

to start by reviewing extensive data on available amyloid biomarkers. 

 

Any integrative theory of Alzheimer’s disease 

needs to explain why the density of amyloid 

deposits is the biomarker of this disease. 

Conclusion 
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The path to build amyloid degradation toxicity hypothesis 

The manuscript describes step-by-step logic that leads to the comprehensive integrative theory 

of Alzheimer’s disease. This section presents the roadmap of how the goal of building such a theory 

was achieved, starting with the conclusions made from the analysis of amyloid biomarkers (Figure 

1).  

 

Figure 1. The chart of the logic that leads to the amyloid degradation toxicity hypothesis of 

Alzheimer’s disease. 

First, the analysis of amyloid biomarkers suggests that patients with AD have a higher intensity 

of intrabrain aggregation-independent removal of beta-amyloid, mainly through proteolytic 

digestion. Proteases are primarily located intracellularly, so the probability of AD diagnosis 

positively correlates with the rate of cellular uptake of beta-amyloid. Stable-isotope label kinetics 

(SILK) studies support this conclusion.  

Second, there is no known molecular mechanism of beta-amyloid acting on the plasma 

membrane in physiological concentrations, which can initiate cytotoxicity. However, treating cells 

with beta-amyloid induces lysosomal permeabilization without damaging plasma membranes, while 

Alzheimer’s disease is associated with lysosomal failure. Cells accumulate beta-amyloid in lysosomes 

through endocytosis. Therefore, the uptake of beta-amyloid by cells is needed for its cytotoxicity. 

Third, extracellular amyloid aggregation cannot be initiated spontaneously due to very low 

concentration in the interstitial fluid. However, cells take beta-amyloid by endocytosis and 

concentrate it inside lysosomes. In cells in vitro, endocytosed beta-amyloid can be observed 
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intracellularly for several days. In concentrations that match intralysosomal conditions, aggregation 

can occur within several days. The intralysosomal aggregates can be exocytosed and grow extra-

cellularly. In this scenario, the accumulation of extracellular aggregates depends on the intensity of 

cellular uptake of beta-amyloid. 

Fourth, the mathematical model, in which both cytotoxicity and aggregation are defined by 

cellular uptake, reproduces the distribution of probabilities of AD diagnosis in the population as the 

function of the density of amyloid deposits and the concentration of beta-amyloid in the 

cerebrospinal fluid. The model interprets a strong correlation between the probability of AD in a 

patient and the density of amyloid aggregates, which are non-cytotoxic by themselves. Also, this 

model explains why higher concentrations of soluble beta-amyloid (which is cytotoxic, unlike its 

aggregated form) in biological fluids correlate with a lower probability of AD diagnosis. 

Fifth, in vitro exposure of a cell to the added beta-amyloid results in permeabilization of 

lysosomal membranes, which occurs without plasma membrane damage. Even though beta-amyloid 

is concentrated inside lysosomes, the intralysosomal concentrations are below the micromolar range. 

Therefore, permeabilization cannot be explained by direct damage of lipid bilayers by beta-amyloid. 

Sixth, beta-amyloid can form membrane channels. Membrane amyloid channels are formed by 

multiple molecules of peptide, are non-selective, and, based on electrophysiological data on their 

conductance, can pass macromolecules. The channels are formed by some short amyloid fragments 

but not by full-length beta-amyloid (either 40- or 42-amino acid long). Channel formation requires a 

negative surface charge of membranes. Lysosomal membranes carry a significant surface negative 

charge, while lysosomes are organelles that can digest endocytosed beta-amyloid and produce 

channel-forming peptide fragments. The formation of membrane amyloid channels explains how 

treating cells with extracellular beta-amyloid results in lysosomal permeabilization, which occurs 

without damage to plasma membranes. The leakage of lysosomal proteases to the cytoplasm explains 

beta-amyloid cytotoxicity, which can occur through both necrosis and apoptosis (the latter is 

activated by lysosomal proteases).  

By summarizing this logic, the amyloid degradation toxicity hypothesis, the integrative theory 

of AD pathobiology, can be formulated. The cells accumulate beta-amyloid intralysosomally by 

endocytosis. Peptidases digest beta-amyloid into fragments, some of which can form giant membrane 

channels in lysosomal membranes. Amyloid membrane channels leak intralysosomal content, 

including lysosomal enzymes, into the cytoplasm. Leaking cathepsins either induce necrosis or 

activate apoptosis. Also, the initiation of aggregation requires cellular uptake of beta-amyloid. 

Therefore, the intensity of cellular uptake correlates with both aggregation and cytotoxicity of beta-

amyloid. For that reason, the presence of amyloid aggregates, which are not cytotoxic by themselves, 

correlates with the probability of AD diagnosis and can serve as a biomarker. Both aggregation of 

soluble beta-amyloid on existing aggregates (the density of which is higher in AD patients) and 

increased cellular uptake (a significant factor defining the development of AD) decrease the 

concentration of soluble beta-amyloid in the interstitial fluid and, correspondingly, in the 

cerebrospinal fluid. Therefore, a lower concentration of beta-amyloid in the cerebrospinal fluid is a 

biomarker associated with neurodegeneration and AD diagnosis. 

The amyloid degradation toxicity hypothesis successfully interprets many phenomena and 

paradoxes associated with AD pathobiology, such as lysosomal failure, increase of reactive oxygen 

species formation, accumulation of intracellular beta-amyloid, and activation of apoptosis in brain 

tissues. Importantly, it interprets two central paradoxes of any amyloidocentric hypothesis of AD: 

the progression of the disease is associated with a lower concentration of toxic soluble beta-amyloid 

but with the accumulation of non-toxic amyloid aggregates. 
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1. Beta-amyloid biomarkers  

1.1. Two major beta-amyloid biomarkers: concentration of Aβ42 in the CSF and the density of amyloid 

aggregates in the brain 

In the original manuscript, Dr. Alzheimer described senile plaques and neurofibrillary tangles 

as histopathological findings [1]. For most of the twentieth century, the data from the brains of 

patients with AD could be obtained only postmortem. With the discovery that the main component 

of the extracellular deposits is beta-amyloid protein (Aβ) and advancing analytical techniques to 

measure the concentration of Aβ, it became possible to monitor the concentration of this peptide in 

biological fluids, including cerebrospinal fluid [15, 16].  

It was found that despite the form of beta-amyloid with 40-amino acids (Aβ40) being 

predominant, 42-amino acids long peptide (Aβ42) has a better correlation with the diagnosis of AD 

[13]. Specifically, the CSF of patients with AD contains significantly less Aβ42 [16, 17]. It is reasonable 

to assume that a higher density of existing amyloid aggregates would promote the aggregation of 

newly synthesized Aβ42. Faster aggregation of soluble form on existing aggregates would decrease 

the amount of Aβ42, which can be cleared to the CSF. The sink effect looks like a reasonable 

explanation for lower CSF-Aβ42 when the density of existing aggregates is high.  

The next methodological breakthrough was the ability to measure the density of amyloid 

deposits in living patients. Compounds such as florbetapir and florbetaben bind to and accumulate 

in the senile plaques. Due to the presence of positron-emitting fluorine in their structure, the 

concentration of these compounds in various brain structures can be measured by positron emission 

tomography (PET). The sensitivity of the technique is extraordinary, considering that a total of 5 mg 

of beta-amyloid [17, 18] (an equivalent to only 10% of the weight of a water drop) is spread in the 

brain of an amyloid-positive patient (which has a volume of 1-2 L). The studies unequivocally 

confirmed that patients with cognitive decline due to Alzheimer’s disease have significantly more 

dense amyloid deposits during life [11] and that amyloid-positive patients have faster cognitive 

decline than amyloid-negative patients [12].  

Both the concentration of Aβ42 in the CSF and the density of amyloid deposits (measured by 

PET) are amyloid biomarkers of AD and are interconnected. Specifically, high levels of amyloid 

deposits are associated with significantly decreased Aβ42 levels in the CSF [19-22]. As stated above, 

both parameters have a strong negative correlation, which the presence of the sink effect can 

interpret. For that reason, the overall diagnostic accuracy of CSF-Aβ42 and PET measurements 

appears similar, even though PET is considered to have higher specificity [11].  

The most comprehensive dataset on amyloid biomarkers is available through the Alzheimer's 

Disease Neuroimaging Initiative (ADNI) (http://adni.loni.usc.edu/). The ADNI was launched in 2003 

as a public-private partnership led by Principal Investigator Michael W. Weiner, MD, and over the 

years, it has attracted more than $200 million. The primary goal of ADNI has been to test whether 

serial magnetic resonance imaging, positron emission tomography (PET), other biological markers, 

and clinical and neuropsychological assessment can be combined to measure the progression of mild 

cognitive impairment (MCI) and Alzheimer’s disease (AD). The study protocol for ADNI was 

approved by the local ethical committees of all participating institutions, and all participants signed 

informed consent, which included consent for de-identified data being shared with the general 

scientific community for research purposes [23]. The researchers, who were not involved in data 

collection but wish to use their expertise in the analysis, can receive de-identified data after approval 

by ADNI.  

The authors of this manuscript are members of one of the collaborative research projects doing 

so. In studies published by us previously [24, 25], we used depersonalized data from participants in 

the Alzheimer's Disease Neuroimaging Initiative (ADNI) for whom the ascertainment of normal 

cognition (NC) or an AD diagnosis, as well as cerebrospinal fluid (CSF) collection, were done within 

one year from a PET scan identifying brain amyloidosis [26]. The distribution of data points in this 

dataset (Figure 2), which was used in multiple studies [20, 24, 25, 27], is visually similar to other 

published data [28]. 
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1.2. Characteristic distribution of beta-amyloid biomarkers can be described by a compartment kinetic model 

The graph shown in Figure 2 includes all ADNI participants (as of the time of manuscript 

preparation) for whom the ascertainment of cognition status, AD diagnosis, and CSF collection were 

made within one year from a PET scan identifying brain amyloidosis. Given the use of two different 

amyloid PET tracers, the measured endpoint (SUVR) was converted to centiloids (CL) for each patient 

using the specific equation provided by ADNI for each tracer. The number of research subjects who 

had been diagnosed with AD (AD), had normal cognition (NC), or were diagnosed with mild 

cognitive impairment (MCI), either late-onset MCI (LMCI) or early-onset MCI (EMCI) was 143, 416, 

340, and 476, respectively. 

Most data points from subjects with normal cognition are around zero amyloid loads, while 

most AD patients are amyloid positive (amyloid load exceeds 30 centiloids). The patients with late-

onset cognitive impairment are relatively homogenously distributed along the amyloid load axis. 

Reflecting a strong negative correlation between amyloid deposits and CSF-Aβ42, most subjects with 

normal cognition have a higher concentration of Aβ42 in the CSF and low values of PET signal, most 

patients with AD have low CSF-Aβ42 and high PET signal, and low and high CSF-Aβ42 and PET 

signal can be found in patients with LMCI with equal probability. Considering the shape of a 

complete dataset, it is reasonable to test what relationship can be found between the values of CSF-

Aβ42 and the density of amyloid deposits (measured by PET).  

Alzheimer's Disease Neuroimaging Initiative (ADNI) accumulated the 

database, which provides information on the distribution of amyloid 

biomarkers in the population. The distribution of two major amyloid 

biomarkers – the density of amyloid deposits and the concentration of 

Aβ42 in the cerebrospinal fluid – has a characteristic shape. Data points 

corresponding to patients with normal cognition, LMCI, or AD occupy 

different distribution areas. 

Conclusion 
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At a first (non-mathematical) glance, it may seem that the dependence can be described by a 

function 𝑦 = 𝐾/𝑥, where 𝐾 is a constant. There is no doubt that the best fit for the function 𝑦 = 𝐾/𝑥, 

shown in Figure 3, A, is far from reproducing data. In comparison, the function 𝑦 = 𝐾1/(𝑥 + 𝐾2), 

where 𝐾1 and 𝐾2 are constants, describes the dataset much better (Figure 3, B).  

 

This hyperbolic distribution shape is consistent with the concept that synthesized Aβ42, which 

is released to the interstitial fluid, is either aggregated or transferred to the CSF. In line with previous 

modeling [15-17], such a concept can be formalized by a kinetic model of Aβ42 turnover, which 

includes synthesis, filtration to the CSF, and aggregation into non-soluble plaques (Figure 4, A).  

The corresponding differential equation describes momentary changes in interstitial 

concentration as a function of synthesis (SYN), aggregation, and removal to the CSF (Figure 4, B). In 

the model, the rate of aggregation is the product of aggregation coefficient 𝐾𝑎, the density of amyloid 

deposits, and interstitial concentration of Aβ42: 𝐾𝑎 · [𝑃𝐸𝑇] · [𝐼𝑆𝐹]). The rate of removal to the CSF is 

the product of transfer coefficient 𝐾𝑇 and interstitial concentration of Aβ42 [ISF]: 𝐾𝑇 · [𝐼𝑆𝐹]. Finally, 

all soluble Aβ42, which is transferred to the CSF, is homogenously distributed in the CSF, so CSF-

Aβ42 ([CSF]) can be calculated by dividing the rate of Aβ42 transfer (𝐾𝑇 · [𝐼𝑆𝐹]) by the intensity of 

CSF flow. At the time scale of measurements, the system is in relative equilibrium, so the interstitial 

concentration (as well as CSF-Aβ42) is not changing, therefore, the derivative is equal to zero. The 

analytical solution of this system ([𝐶𝑆𝐹] = 𝑆/([𝑃𝐸𝑇] + 𝐹)) is the hyperbole which was mentioned 

above (𝑦 = 𝐾1/(𝑥 + 𝐾2)). The selection of symbols for the parameters S and F was defined by the 

fact that the first one (S) is proportional to synthesis, while the second (F) is proportional to the rate 

of the CSF flow. 

 

Figure 3. Fitting clinical dataset using two functions (K/PET) and (K1/(PET+K2). 

A. Fitting using the function CSF=K/PET. At zero PET, the CSF-Aβ42 increases to infinity. 

Therefore, the best fit was estimated using only the data from amyloid-positive subjects. At 

high PET values, the fitting curve trends below the actual data.  

B. Fitting using the function CSF=K1/(PET+K2). The addition of the second parameter improves 

the fit. 

The competition of amyloid aggregation and removal of Aβ42 with 

the CSF defines the shape of the scatterplot of the clinical dataset, 

which includes values of the density of amyloid aggregates in the 

brain and the concentration of Aβ42 in the CSF. A relationship 

between these two amyloid biomarkers of AD can be described by the 

hyperbolic function with two parameters. 

Conclusion 
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1.3. The distributions of beta-amyloid biomarkers in subjects with normal cognition and patients with AD: 

the evidence of increased intrabrain beta-amyloid removal rate 

While patients with AD have the distribution of beta-amyloid biomarkers dramatically shifted 

towards high density of amyloid deposits, the boundaries of distributions in healthy subjects and 

patients with various degrees of cognitive impairment are overlapping (see Figure 2). The 

distribution of amyloid biomarkers in research subjects with normal cognition and patients with AD, 

if considered separately, appears to have similar shape even though most data points in each 

population is shifted towards opposite sides of the cloud (Figure 5 A, B). Considering that the 

distribution can be described by a compartment model characterized by the synthesis and removal 

rates, we tested the hypothesis that the synthesis and removal rates for beta-amyloid are different 

between groups of research subjects [18]. In this study, all research subjects in the ADNI database 

were separated into four groups according to the diagnosis: subjects with normal cognition (NC), 

patients with AD, patients with late-onset mild cognitive impairment (LMCI), and patients with 

early-onset mild cognitive impairment (EMCI). For each group, we estimated parameters S and F 

(according to the model shown in Figure 4), which provide the best fit, and calculated the confidence 

regions for these parameters. Hyperbolas corresponding to the best-fit values in the NC and AD 

groups are shown in Figure 5 A, B. It is essential to mention that the statistical method used to process 

data provides confidence region in 2D space: even if each parameter is not different between groups, 

pairs of parameters characterizing groups could be statistically different. 

Figure 4. The simplest single-compartment model of beta-amyloid turnover describing the mathematical 

relationship between CSF-Aβ42 and amyloid load in the brain.  

A:  The schematic of the model. The parameters of the model are shown next to the arrows. 

B:  Mathematical description of the model in the form of equations. 

Conventions and assumptions of the model: 

• The concentrations of Aβ42 in the ISF and the CSF are denoted as [𝐼𝑆𝐹] and [𝐶𝑆𝐹], 

correspondingly. Only CSF-Aβ42 can be measured. 

• The density of aggregates is measured by PET and is denoted [𝑃𝐸𝑇].  

• Aβ42 is continuously synthesized at a constant rate 𝑆𝑌𝑁.  

• The aggregation rate is proportional to the aggregates’ density and the concentration of Aβ42 in 

the ISF.  

• The transfer to the CSF is proportional to the concentration in the ISF but is not dependent on the 

density of aggregates.  

• After the transfer to the CSF, Aβ42 is mixed with the fluid, which is continuously generated by 

the process that is independent of Aβ42 filtration. Therefore, the CSF concentration is inversely 

proportional to the CSF flow. 
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A separate analysis of these four subpopulations reveals that even though the parameters of 

hyperbolas describing the distribution of biomarkers are close between groups, they are statistically 

different. Confidence regions for the pairs of values of S and F, which characterize each 

subpopulation, have ellipsoid shapes and are shown in Figure 5, C. The confidence regions for the 

three subpopulations (NC, LMCI, and AD) are different, which means that these three 

subpopulations are different. However, the only statistical difference in the value of individual 

parameters appears to be in the F value between NC and AD groups. It is obvious that the EMCI 

group is not statistically different from the NC group, even when both S and F parameters are 

considered together. This suggests that the pathogenesis of early- and late-onset cognitive 

impairment is mediated by different mechanisms, while data points corresponding to subjects from 

the LMCI group have an intermediate distribution between AD and NC groups.  

As stated earlier, parameter S is proportional to the synthesis rate. The absence of difference in 

beta-amyloid synthesis between AD and NC groups was demonstrated earlier using the SILK 

technique [17, 19]. SILK technique estimates synthesis in individual patients, while our analysis 

confirms this finding using an independent populational approach.  

Figure 5. A comparison of beta-amyloid turnover parameters in subjects with normal cognition (NC), 

patients with Alzheimer’s disease (AD), and patients with mild cognitive impairment (late-onset, 

LMCI, and early onset, EMCI). The parameters were inferred from two major AD biomarkers 

(CSF-Aβ42 and beta-amyloid density) in research subjects from the ADNI database. Adapted 

from Zaretsky et al., 2022. 

A. The distribution of data points corresponding to subjects with normal cognition and the line 

calculated using best-fit parameters for this group in the model shown in Figure4.   

B. The distribution of data points and the line calculated using best-fit parameters for patients with AD. 

C. The 95% confidence regions of the parameters characterizing beta-amyloid turnover in the groups. 

The confidence regions for the NC and LMCI groups do not overlap, while the confidence regions for 

the NC and EMCI groups do. F values in NC and AD groups are statistically different (p<0.05). 

D. The shift in the beta-amyloid turnover (reflecting the increasing rate of intrabrain amyloid clearance) 

correlates with the severity of cognitive impairment in AD. 
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Correspondingly, the rate of removal of beta-amyloid from the brain is the main difference 

between the AD and NC groups (the value of parameter F is statistically higher in the AD group 

compared to the NC group). In contrast to aggregation, which removes beta-amyloid from turnover 

but keeps it inside the brain, parameter F is aggregation-independent removal and was considered 

by us to represent physical removal from the brain. In the model design, we assumed that the removal 

with cerebrospinal flow is the predominant way of physically clearing the brain from beta-amyloid. 

Is there any data supporting a higher rate of removal with the CSF to match the increased value of F 

in the AD group? 

In the model, this removal rate is proportional to the CSF flow. However, the CSF flow in 

patients with AD is either unchanged or lower than in subjects with normal cognition [20, 21]. The 

resolution of this controversy could be in modifying the model: while removal with the CSF can be 

the predominant way to clear the brain from beta-amyloid, it is not the only one. It is known that 

some beta-amyloid is metabolized inside brain tissues, resulting in physical removal from the brain. 

The removal rate which is found in the modeling is the rate of total removal of beta-amyloid through 

all aggregation-independent pathways - with and without physical removal from the brain. 

Intrabrain removal of beta-amyloid is well-known to researchers. The proteolytic degradation 

of beta-amyloid is known to participate in the turnover of the peptide, and inhibitors of amyloid-

degrading proteases were historically suspected to be promoting the progression of AD [22] precisely 

for the reason of slowing the removal of beta-amyloid from the brain. To be metabolized by proteases 

in the brain, the peptide needs to be taken by brain cells. In modeling terms, the removal from the 

interstitial fluid abolishes the peptide's ability to be transferred to the CSF. For that reason, we can 

consider that intrabrain removal reflects cellular uptake by brain cells. Correspondingly, the model 

can be modified, as shown in Figure 6.  

 

In this model, the parameter F (the rate of removal by CSF flow) is replaced by the parameter R 

(the rate of removal from the brain, which is the sum of removal with the CSF flow and intrabrain 

removal). All statistical analysis that was applied to the previous model remains. Therefore, S is not 

different between the NC and AD groups, while R is statistically higher in the AD group compared 

to the NC group. Unfortunately, within this model's framework, it is impossible to distinguish the 

ratio of removal with the CSF and intrabrain removal because only the sum of them is used in the 

equations.  

However, based on independent estimates, we can consider that the rate of removal with the 

CSF is either the same or even lower  [20, 21]. This means that the rate of intrabrain removal is higher. 

If we assume that the removal with the CSF is predominant and that the rate of removal with the CSF 

can be either the same or lower (but definitely, it is not higher!), to observe a statistically significant 

Figure 6. Modified single-compartment model of beta-amyloid turnover with included cellular uptake.  

A:  The schematic of the model. The parameters of the model are shown next to the arrows. 

B:  Mathematical description of the model in the form of equations. 

Conventions and assumptions of the model follow the model shown in Figure 4. 
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increase in the total removal rate, the increase of intrabrain removal rate should be quite dramatic. 

As we estimated in the original manuscript, such an increase can be several-fold [18]. 

The finding of increased clearance of Aβ42 directly contradicts the currently dominating concept 

that the accumulation of beta-amyloid results from slower removal of this peptide from the brain of 

patients with AD. The first studies that attempted to estimate the parameters of amyloid turnover in 

the brain using the SILK technique seemingly demonstrated slower clearance [19]. However, further 

analysis by the same research group found that the conclusion about slower removal results from 

oversimplification of the underlying compartment model and studying synthesis and elimination 

separately. A more comprehensive analysis of the complete curve of the accumulation and clearance 

of various beta-amyloid forms directly shows increased intrabrain clearance while also pointing to 

the increased time of intrabrain presence of freshly synthesized Aβ42 before it is eliminated through 

the CSF [15, 17]. Importantly, changed turnover parameters were found only for Aβ42 but not for 

Aβ40 and Aβ38. Clinical data obtained using the SILK technique and their relevance to the amyloid 

degradation toxicity hypothesis will be analyzed in more detail in a separate section below. 

 

2. Amyloid biomarkers of AD: two biomarkers – two paradoxes 

As it was unequivocally established, the brains of AD patients have a higher density of amyloid 

deposits. After it became possible to estimate the density of amyloid deposits in the brains of living 

patients, the data confirmed that the density of deposits in the patient's brain positively correlates 

with the probability that this patient has AD (Figure 7, A). This correlation is robust, and for that 

reason, the density of amyloid deposits is considered the biomarker of AD. Due to the much higher 

propensity of Aβ42 to aggregate compared to other forms of beta-amyloid, the senile plaques mainly 

consist of this form, so it would be reasonable to say that what is measured by PET labels is the 

density of Aβ42 aggregates. Therefore, the density of Aβ42 aggregates is the biomarker of AD. 

 

Similar to senile plaques, the beta-amyloid form in the CSF, which is associated with the AD 

diagnosis, is Aβ42, even though its concentration is approximately ten times lower than the 

concentration of Aβ40 [17]. However, in contrast to the density of senile plaques, the concentration 

The difference in the distribution of two major beta-amyloid 

biomarkers between subjects with normal cognition and patients with 

AD suggests that Alzheimer’s disease is associated with increased 

intrabrain removal of Aβ42. Intrabrain removal of Aβ42 is most likely 

mediated by cellular uptake, followed by intracellular proteolysis. 

Conclusion 
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of Aβ42 in the CSF is negatively correlated with the probability of AD diagnosis (Figure 7, A). The 

negative correlation is strong; therefore, CSF-Aβ42 is also considered the biomarker of AD. 

To summarize the information revealed by amyloid biomarkers of AD: a higher probability of 

AD diagnosis is linked either to a higher density of amyloid aggregates or a lower concentration of 

Aβ42 in the CSF. Unsurprisingly, there is a strong negative correlation between these two biomarkers. 

This correlation can be easily identified in the distribution of biomarker pairs in the population 

(Figure 7, A), and due to its strength, these two biomarkers appear to have similar diagnostic power 

when considered separately [11]. 

Most of the correlation is linked to the sink effect of aggregation of soluble beta-amyloid on 

existing amyloid aggregates: higher density of aggregates – more freshly synthesized beta-amyloid 

is aggregated on the existing seeds – less beta-amyloid reaches the CSF. Hence, the lower 

concentration of Aβ42 in the CSF.  

However, Sturchio et al. demonstrated that even after adjustment for multiple independent 

variables (including PET signal), lower CSF-Aβ42 levels are associated with a higher probability of 

AD [23]. In simpler terms, a higher probability of AD is observed in patients with a lower 

concentration of beta-amyloid in the CSF, even in subgroups with the same density of amyloid 

aggregates (measured by PET). The trend is not obvious in the distribution to the naked eye. Still, 

even simple statistical rolling averaging of amyloid-positive patients reveals that the probability of 

AD diagnosis falls from 0.6 in patients with the lowest levels of CSF-Aβ42 to virtually zero in patients 

with the highest CSF-Aβ42 (Figure  7, B). Notably, the highest CSF-Aβ42 levels in amyloid-positive 

patients are approximately twice lower than even the average CSF-Aβ42 in amyloid-negative 

research subjects. The presence of an amyloid-load-independent negative correlation between CSF-

Aβ42 levels and the probability of AD explains the independent predictive powers of these two 

amyloid biomarkers of Alzheimer’s disease [24]. 

Before moving forward, we need to underscore that studying the connection between 

aggregation of beta-amyloid and the progression of AD was prevented by the paradox. First, as 

extremely large polymers, senile plaques are inert and appear non-toxic to cells in vitro [5]. The 

absence of cytotoxicity of aggregated beta-amyloid is clearly in conflict with the concept that a higher 

density of aggregated amyloid in patients’ brains is by itself the etiology of AD. Independent of 

whether it is amyloid-centric or not, as we stated in the Introduction, any comprehensive theory of 

AD is required to interpret the high positive correlation of the presence of a non-toxic compound 

with the probability of the disease. 

However, the concept that CSF-Aβ42 is another major amyloid biomarker of AD also includes a 

paradox. In contrast to aggregated beta-amyloid, its soluble form is toxic to cells [5]. However, there 

is no doubt that AD diagnosis is associated with a lower concentration of soluble beta-amyloid in the 

CSF  [25, 26].  

Therefore, there are two major paradoxes in the relevance of amyloid biomarkers to AD, which 

any theory of etiology and pathophysiology of AD needs to resolve. These two paradoxes are 

summarized in Table 1. Despite the extreme popularity of amyloidocentric hypotheses, these two 

paradoxes were not addressed appropriately.  

Table 1. 

Biomarker Toxicity of amyloid form Concentration in patients with AD 

Aggregated Aβ inert increased 

Soluble Aβ42 toxic decreased 
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To address the first paradox, the amyloid cascade hypothesis straightforwardly assumes that 

aggregated amyloid is toxic through an unidentified mechanism despite no strong in vitro evidence 

of such a phenomenon.  

One of the avenues for interpretation is that aggregated amyloid is in equilibrium with the 

soluble one, even though the balance is dramatically shifted towards aggregation. When beta-

amyloid is not delivered by other routes, senile plaques could be a source of constant low levels of 

toxic soluble beta-amyloid. The key is that aggregates can be a source of toxic soluble beta-amyloid 

only if it is not delivered through other routes, including synthesis. However, there is no known data 

on the pulsatile synthesis of beta-amyloid. In contrast, direct evidence (data generated by the SILK 

technique) demonstrates continuous delivery of various freshly synthesized beta-amyloid peptides 

[17, 19]. In the presence of constant peptide synthesis, the senile plaques would decrease (!) the 

concentration of toxic soluble beta-amyloid. For that reason, we consider it highly unlikely that senile 

plaques can be the source of toxic soluble beta-amyloid due to the presence of aggregation 

equilibrium. 

Alternative explanations include the possibility that senile plaques can selectively accumulate 

toxic components. For example, metals, such as iron, which can induce the toxicity to surrounding 

cells by catalyzing the production of reactive oxygen species (ROS).  

As for the second paradox, historically, the drop in soluble Aβ42 was associated with an 

increased density of aggregates, which can serve as a sink for freshly synthesized peptide. However, 

more detailed analysis revealed that the levels of soluble Aβ42 provide information about 

neurodegeneration, which is independent of the density of amyloid deposits [24]. The authors of the 

cited manuscript provided only the results of multicorrelation analysis using two biomarkers in the 

ADNI dataset and used the Akaike information criterion to test if the models that used the 

combination of CSF and PET had better predictive power for clinical outcomes over models that used 

only one of the biomarkers. Mattson et al. (2015) suggested that combining CSF and PET in 

diagnostics may improve the prediction of clinical and pathological aspects of Alzheimer’s disease 

but did not specify how to do that. They suggested, though, that reduced CSF-Aβ42 may represent 

an earlier signal than amyloid accumulation detected by PET and that the PET signal may be a more 

sensitive marker of AD progression [24]. Nevertheless, looking at the correlation coefficients 

provided in various tables in this manuscript, it is easy to discover that after excluding the effect of 

PET, worse cognitive status correlates with lower CSF-Aβ42 levels, while higher CSF-Aβ42 levels are 

observed in patients with better clinical outcomes.  

This finding was formulated as a statement only several years later by Sturchio et al. [23]. Using 

the same dataset (ADNI), they directly tested the hypothesis that higher CSF-Aβ42 levels correspond 

to better cognitive status of patients, even after excluding the effect of the density of deposits. To 

interpret this, it was hypothesized that soluble Aβ42 has some important biological function, so low 

levels of soluble Aβ42 cause AD [23, 27-29]. Unfortunately, this interpretation has difficulty 

explaining why the levels of soluble Aβ42 in healthy patients with high density of deposits are the 

same as the levels of soluble Aβ42 in patients with AD with low density of deposits – the fact which 

can be found in the figures and was confirmed by us during statistical analysis of ADNI dataset. 

Suppose we follow the proposed framework that Aβ42 has some “good” properties. In that case, we 

need to accept that low levels of soluble Aβ42 can support normal cognition in the presence of 

amyloid deposits. However, if the deposits are absent, the same low levels of soluble Aβ42 are 

insufficient to support the “healthy” status of the brain, so AD ensues.  

The presence of these paradoxes and the fact that the dissolving of amyloid deposits in clinical 

trials did not dramatically slow down the progression of AD raises the concern that amyloidocentric 

hypotheses are wrong to start with. Nevertheless, even if so, the phenomena described by the two 

paradoxes are based on clinical data. Therefore, any integrative theory of AD needs to interpret them. 
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3. Aggregation and cytotoxicity of beta-amyloid require cellular uptake 

3.1. How are amyloid deposits formed? 

Before analyzing both paradoxes, we must address one more question typically overlooked in 

AD studies: “How can amyloid deposits be formed in the brain?” Usually, it is assumed that existing 

deposits grow by aggregating soluble beta-amyloid. However, forming initial aggregates is the 

critical and slowest step in the appearance of a noticeable density of amyloid aggregates. The delay 

would be especially pronounced in diluted solutions. Surprisingly, the question “How are the initial 

aggregation seeds formed in vivo?” did not attract appropriate attention. It is usually overlooked that 

the concentration of beta-amyloid in biological tissues is not just low – it is extremely low. Most agg-

regation studies use micromolar concentrations, while the beta-amyloid concentration in biological 

fluids is in the range of single nanomoles per liter or even lower. 

There are two primary reasons to study amyloid aggregation in solutions with concentrations in 

micromolar but not in the nanomolar range. First, aggregation is dramatically slower at low 

concentrations. Even in micromolar concentration, the aggregation process takes many hours. 

Second, methods to observe aggregation, such as fluorescent techniques using Thioflavin T, require 

relatively large protein concentrations. Finding aggregation monitoring techniques with higher 

sensitivity would most likely be possible. Still, extremely long times to perform a single experiment 

(multiple days or weeks) would be a serious obstacle in designing a productive research program. 

Also, studying aggregation is generally highly dependent on additional factors, which are frequently 

difficult to control in serial experiments. For example, if any possibility to initiate aggregation was 

not avoided during preparation (for instance, during lyophilization) or the peptide was not 

completely disaggregated, the aggregation seeds could be present even before the experiment was 

initiated. Also, aggregation can be promoted by the impurities in the solution; for example, the 

addition of artificial lipid vesicles (liposomes) promotes aggregation [30]. Even minimal 

contaminants, which could serve as aggregation seeds, would dramatically affect the reproducibility 

of experiments with low peptide concentrations. It appears that the reproducibility of aggregation 

data increases with protein concentration and can explain why most experimental studies do not 

include a physiological range of concentrations. 

Fortunately, it is possible to extrapolate the time needed to form aggregation seeds at 

concentrations that are in a physiological range. The kinetics of the formation of aggregation seeds 

can be characterized by the time required to aggregate a predetermined ratio of total peptide content 

in the solution. For simplicity and considering the highest reproducibility due to a sigmoid shape of 

the curve, it is usually measured at a 50% level (Figure 8, A replots the data from [31]). If we plot half-

times of aggregation at various concentrations in logarithmic coordinates, the dependence appears 

to be a straight line (data from Figure 8, A are shown in Figure 8, B). Linearization in logarithmic 

coordinates is consistent with the simplest mathematical model that considers that the aggregation 

rate is proportional to the probability of two molecules hitting each other in the solution. 

Experimental data for the study, shown in Figure 8, A, were collected in the micromolar range. Due 

to the linear dependence, it is possible to extrapolate the range to nanomolar concentrations (Figure 

8, C). Decreasing the concentration of Aβ42 to 100 nM lowers the half-time of aggregation to five days. 

At a physiologically relevant concentration of 1 nM, it would take more than five years to aggregate 

half of the peptide. The problem is that while large polymeric senile plaques are physically stuck in 

Any comprehensive theory of AD (amyloid-centric or not) is required 

to explain the positive correlation of the probability of AD diagnosis 

with the density of non-toxic aggregates and the negative correlation 

of the probability of the diagnosis with the concentration of toxic 

soluble Aβ42. 

Conclusion 
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the intercellular space, the ever-present movement of biological fluids will flash oligomeric 

aggregates, which are still soluble, out of the brain. To initiate a senile plaque, the aggregate in the 

interstitial fluid should be already large enough to be an insoluble particle, which cannot be 

physically removed by cleaning mechanisms in the brain tissue. Therefore, to become a senile plaque, 

the aggregation seed needs to appear in the interstitial space as a sizeable insoluble particle that has 

already passed the stage of a soluble oligomer. How can this be possible? 

 

Looking at beta-amyloid turnover in the brain is necessary to answer this question. The peptide 

has several isoforms formed after sequential cleavage of the amyloid precursor protein (APP), a 

transmembrane glycoprotein with an undetermined function. APP can be cleaved by the proteolytic 

enzymes α-, β- and γ-secretase (see Figure 9). Aβ peptides, which are the focus of most current AD 

studies, are generated by a successive action of the β- and γ-secretases. 

Figure 8. Aggregation can be initiated inside lysosomes but not in the interstitial fluid. 

A:  The kinetics of Aβ42 aggregation in solutions with various concentrations were measured by the 

thioflavin T technique (re-plotted from Cohen et al., 2013). The delay due to the formation of aggregation 

seeds 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 a 

concentration of 1 nM, which corresponds to the concentration in physiological fluids, the formation of 

seeds will require more than five years. However, at a concentration of 100 nM, matching the 

concentration inside lysosomes, the half-time of aggregation is only five days. Endocytosed amyloid can 

be observed intralysosomally for several days. 
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The γ-secretase, which produces the C-terminal end of the Aβ peptide, cleaves within the 

transmembrane region of APP and can generate multiple isoforms with various lengths. The isoform 

dominant in the cerebrospinal fluid is Aβ40, while senile plaques consist mainly of Aβ42. The reason 

why senile plaques have a composition that is different from the composition of interstitial fluid can 

be explained by the significantly higher propensity of Aβ1-42 for aggregation, which in turn is depen-

dent on the presence of two additional hydrophobic amino acids at the C-terminal of the peptide.  

As noted, Aβ molecules could theoretically aggregate in the interstitial fluid to form soluble 

oligomers, which can continue growing. However, the rates are insufficient for this process to create 

large insoluble seeds before oligomers, which are still soluble, are moved away by interstitial fluid 

flow. It is logical that to have time for growth, freshly forming oligomers need to be in a place that is 

protected from removal to the CSF and still have an opportunity to grow by aggregating more beta-

amyloid molecules.  

Such a place is widely described in multiple studies. The cells take beta-amyloid by endocytosis 

– the cell consumes a drop of extracellular fluid by surrounding it with a plasma membrane. This 

membrane vesicle, which is filled with extracellular fluid, contains nutrients and compounds that can 

be needed by the cell but are not synthesized locally and cannot cross the plasma membrane by 

diffusion or with the help of membrane transporters. For example, after being absorbed in the gut or 

synthesized in the liver, cholesterol, which is insoluble in water, is delivered to the neurons through 

a complex system of carrier proteins and transcellular transport. Similarly, iron is moved around the 

organism, tightly bound by transporting proteins, because it is cytotoxic as a free ion. Neurons 

consume both cholesterol and iron through endocytosis. Also, along with taking elementary units 

such as amino acids or glucose, cells receive nutrients by absorbing extracellular proteins and 

digesting them. To accomplish that, cells merge endosomes with lysosomes, which contain digestive 

enzymes such as proteases. This process is accompanied by removing water from lysosomes, 

facilitating the digestion of trapped nutrients by concentrating intralysosomal content.  

The most important here is that beta-amyloid is taken by endocytosis, and amyloid-containing 

endosomes are merged with lysosomes. The first thought could be that endocytosed beta-amyloid is 

quickly digested, and resulting amino acids are absorbed for the cell to use. But it is not precisely so. 

The absorbed beta-amyloid can be observed in the lysosomal compartment for several days [32]. 

Also, it is frequently overlooked how much it is concentrated during intralysosomal storage – 

according to several independent estimates, the intralysosomal concentration of beta-amyloid in cells 

Figure 9. Amino acid sequence of beta-amyloid isoforms, enzymes which cleave the isoforms from the 

amyloid precursor protein (APP) anchored in the membrane.  

APP can have various lengths of up to 770 amino acids. It is cleaved by three main proteases (secretases). 

Two (α- and β-secretases) cut the extracellular domain from the N-terminus of synthesized beta-amyloid, 

while γ-secretase removes the C-terminus by attacking the intramembrane domain of APP. Isoforms of beta-

amyloid, which are present in the highest concentrations (Aβ40 and Aβ42) are produced by the sequential 

action of β- and γ-secretases.  
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in vitro is up to 100 times higher than the concentration of extracellular peptide [32, 33]. If the 

extracellular concentration is 1 nM, the intralysosomal concentration can reach 100 nM. According to 

the extrapolation shown in Figure 7, C, at this concentration, the half-time of aggregation is only five 

days. Considering that intralysosomal peptide is significantly concentrated and is stored for several 

days, endocytosis and following lysosomal storage of beta-amyloid provide appropriate conditions 

for the formation of aggregation seeds. 

Aggregated amyloid is resistant to proteolysis [34, 35]. Importantly, if lysosomes cannot digest 

their content, lysosomal cargo can either be sequestered (hence intracellular accumulation of 

aggregated beta-amyloid [45]) or exocytosed. In the latter case, formed aggregation seeds will be 

moved from the cells to the extracellular fluid. This explains why the presence of cells promotes the 

aggregation of exogenous beta-amyloid [33]. Importantly, this results in the appearance of already 

aggregated amyloid seeds, which could be large enough to be insoluble and remain stuck in the 

extracellular space. The described sequence of events is illustrated in the schematic in Figure 10.  

The concept that aggregation seeds can absorb cathepsins, while beta-amyloid is stored 

intralysosomally, fits the well-described phenomenon that (extracellular) senile plaques can be 

effectively stained for lysosomal (intracellular) proteases [36, 37]. 

 

 

3.2. Is cellular uptake of beta-amyloid relevant to its cytotoxicity? 

As it was shown above, the diagnosis of Alzheimer’s disease is associated with an increase in 

the cellular uptake of beta-amyloid. The progression of AD is defined by neuronal death. Considering 

that beta-amyloid is cytotoxic, is it reasonable to assume that the cellular uptake of beta-amyloid is 

linked to cell death? 

Mechanisms of cytotoxicity induced by exposure to beta-amyloid are still debated. Not 

surprisingly, various laboratories tend to stress the importance of phenomena that they discovered. 

At the molecular level, most frequently are cited loss of membrane potential, intracellular ion 

disturbances in general, or disruption of cellular calcium balance, which are caused either by effects 

on membrane proteins/receptors or by pore formation in cell membranes. At the cellular level, the 

exposure of cells in vitro to beta-amyloid can promote apoptosis, cause synaptic loss, and disrupt the 

Figure 10. Endocytosis is required for the formation of extracellular amyloid deposits. 

Endocytosed amyloid is concentrated and stored intralysosomally, forming aggregation seeds. Aggregated 

amyloid is resistant to digestion and is either sequestered or exocytosed. Exocytosed seeds, which also 

include lysosomal proteins, aggregate more extracellular beta-amyloid, and eventually form senile plaques. 

        

              

      

                 

              

                     

                

                         

                

                 

                         

                      

                       

                         

                  

The formation of seeds during beta-amyloid aggregation most 

likely does not occur in the interstitial fluid. Lysosomes provide 

favorable conditions for oligomerization by concentrating 

lysosomal content and extended storage period. Therefore, the 

accumulation rate of amyloid aggregates, and as a corollary, the 

density of extracellular aggregates positively correlates with the 

rate of cellular uptake of beta-amyloid. 

Conclusion 
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cytoskeleton and axonal/dendrite transport – the phenomena that can also be observed in neurons in 

the brains of patients with AD. Also, Aβ-induced disbalance of calcium homeostasis by itself can lead 

to calcium overload, which in turn damages mitochondria and activates apoptosis. Finally, treating 

cells in vitro with beta-amyloid leads to lysosomal permeabilization, which corresponds to autophagy 

failure, which by itself is one of the most prominent and well-established hallmarks of AD. 

Almost all observed molecular disturbances associated with exposure to beta-amyloid can cause 

each other. The variety of these consequences and the fact of their intertwining makes it virtually 

impossible to establish the primary molecular insult just by looking at the list. Without starting from 

some reasonable origination point in the logic, finding the pathophysiological pathway of amyloid-

induced cytotoxicity could be impossible.  

For that reason, the first question is – can the action of beta-amyloid on the plasma membrane 

be the primary molecular event in the amyloid-induced cytotoxicity? In fact, amyloid cytotoxicity can 

be observed when the peptide is added to the cultured cells in vitro. In these conditions, plasma 

membrane is the first organelle exposed to the peptide. Due to Aβ size and charges, the peptide 

cannot evoke any intracellular reactions leading to cell death by crossing the membrane by diffusion.  

If the action on the plasma membrane is considered, the first logical possibility is the action on 

the lipid bilayer, while acting on some membrane proteins is the alternative. Currently, there is no 

known to us interaction between beta-amyloid and any membrane protein that can initiate a pathway 

leading to cell death. We consider the interaction with receptors at the plasma membrane as an 

unlikely molecular mechanism leading to cell death for another reason – the consequences of cellular 

exposure to beta-amyloid are developing very slowly. Cell death occurs after prolonged exposure, at 

least multiple hours, even in experiments involving high peptide concentrations. Intracellular ion 

disturbances also do not develop immediately; there is an apparent delay of at least several minutes. 

Importantly, proper techniques of ion concentration measurement (which avoid buffering properties 

of intracellular probes) reveal that intracellular disturbances occur in waves – deflection from the 

equilibrium is followed by recovery, which is often complete. This phenomenon resembles repeated 

opening-closing of membrane ion channels, the formation of which by beta-amyloid molecules was 

described electrophysiologically. However, as we reported in [38], the observed phenomena are 

incompatible with the properties of amyloid membrane channels if they are located in the plasma 

membrane.  

It can be suggested that the primary molecular mechanism of amyloid toxicity could be non-

specific disruptions of lipid bilayer structure by peptides that have both non-polar and 

electrostatically charged sequences. However, such disruptions occur only in micromolar 

concentrations. In contrast, extracellular concentrations of beta-amyloid are in the nanomolar range, 

and even intralysosomal concentrations should be no more than 0.1 µM. Therefore, direct destruction 

of the barrier function of cellular membranes in vivo is unlikely.  

Although beta-amyloid cannot cross the plasma membrane by diffusion, it is actively 

accumulated by cells through endocytosis. Endosomes are merged with lysosomes, and virtually all 

internalized beta-amyloid is co-labelled with lysosomal markers [32]. Before the mechanisms of 

cytotoxicity of endocytosed beta-amyloid will be discussed in the following sections, it is critical to 

state that the exposure of cells in vitro to extracellular beta-amyloid results in permeabilization of 

amyloid-laden lysosomes [39, 40]. Lysosomal permeabilization occurs before the damage to plasma 

membranes is observed. Such a robust consequence of beta-amyloid uptake allows for a hypothesis 

that there is a molecular cytotoxicity mechanism linking the internalization of amyloid to cell death, 

and, as a corollary, the rate of uptake is one of the major factors defining the rate of amyloid-induced 

neurodegeneration.  

 

The cytotoxicity of beta-amyloid most likely 

requires cellular uptake of the peptide. 

Conclusion 
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3.3. The dependence of both toxicity and aggregation of beta-amyloid on cellular uptake: relevance to clinical 

data on amyloid biomarkers 

As was discussed in two previous sections, both toxicity and aggregation of beta-amyloid 

depend on this peptide's cellular uptake. Such dependence could be the reason for the correlation 

between the probability of AD diagnosis and the density of amyloid deposits in the brains of patients. 

Such reasoning was tested by comparing clinical data with the output of a mathematical model, 

which considers the relationship between beta-amyloid turnover and cytotoxicity (and linking the 

latter to the AD diagnosis) [41]. 

We extended the model described above (Figure 6) by introducing the connection between Aβ 

endocytosis and the accumulation of aggregated beta-amyloid in the brain (Figure 11, A). In this case, 

the amount of aggregated beta-amyloid increases by two mechanisms – exocytosis of aggregated 

intracellular beta-amyloid and growth of existing oligo/polymers by aggregating more soluble 

peptide. Under these assumptions, the system of ordinary differential equations describing the 

dynamics of beta-amyloid concentrations in the ISF and CSF over time can be written as shown in 

Figure 11, B. Similarly to the less complex model, the system is in relative equilibrium at the time 

scale of measurements. Hence, the derivatives of the concentrations of Aβ42 in the interstitial fluid 

and the density of amyloid aggregates measured by PET are equal to zero. 

 

The power of cytotoxic insult (current toxicity) is proportional to the uptake intensity (the 

product of the uptake rate and concentration of Aβ42 in the interstitial fluid). Neural damage 

accumulates over time and depends on accumulated toxicity, which is the integral of current toxicity 

over the duration of illness. We assumed that a subject will be diagnosed with AD if their 

accumulated toxicity exceeds some threshold, which is a characteristic of an individual. We further 

assumed that the probability distribution of the toxicity thresholds in the population is normal with 

a specific mean and variance.  

Fitting procedures, described in the original manuscript [41], allowed us to reproduce the 

experimental data at a 95% confidence level. Figure 12, A shows the probability of an AD diagnosis, 

calculated using these parameter values, as a function of CSF-Aβ42 and amyloid load (PET signal). 

First, the model allows for interpreting the shape of biomarker distribution in the human 

population (Figure 12, B). The region of possible PET and CSF-Aβ42 values has an upper boundary 

representing a zero-uptake rate (𝐾𝑢 = 0). The lower boundary is defined by the highest biologically 

present rate of uptake (𝐾𝑢 = 8). At the highest rate, cellular uptake from the interstitial fluid is higher 

than the aggregation-mediated removal of soluble Aβ42, so the bottom boundary looks independent 

on amyloid load (solid green line is almost parallel to X-axis). The right boundary is defined either 

Figure 11. Modified compartment model of beta-amyloid turnover with cellular uptake. Adapted from 

Molkov et al., 2023. 

A:  The schematic of the model. The parameters of the model are shown next to the arrows. 

B:  Mathematical description of the model in the form of equations. 

Conventions and assumptions of the model follow the models shown in Figures 4, 6. 
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by dramatic neurodegeneration with the probability of AD approaching one or by the length of the 

disease, which is needed to generate an amyloid load above 150 CL. 

Notably, the model interprets both paradoxes related to amyloid biomarkers described above. 

The dependence of both amyloid aggregation and amyloid-induced cytotoxicity on the cellular 

uptake of the peptide results in a strong correlation between the probability of AD diagnosis (the 

sequela of neurotoxicity) and accumulation of amyloid aggregates. This phenomenon is reproduced 

by the model not only qualitatively but also quantitatively (Figure 12, C)  

 

On the other hand, increased cellular uptake of Aβ42 results in the decrease of the interstitial 

concentration of the peptide and, consequently, in the reduction of CSF-Aβ42. Even though the 

interstitial concentration is lower, a higher uptake rate still leads to increased total amyloid uptake 

because the decrease in interstitial concentration is lower than the increase in uptake rate, so the 

product of the two parameters is higher. Consequently, if all other parameters (including the density 

of aggregated amyloid) are equal, the increased cellular uptake rate results in increased accumulated 

uptake and higher accumulated cytotoxicity. This explains why lower CSF-Aβ42, which is the 

Figure 12. 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 Aβ42 in the CSF (CSF-Aβ42). Adapted from Molkov 

et al., 2023. 

A:  The probability of Alzheimer’s disease as a function of CSF-Aβ42 and amyloid load based on the 

best-fit parameters of the model.  

B:  The cloud of data points in the clinical dataset is bounded by (1) minimal and maximal cellular uptake 

rate values (dashed and solid green lines, correspondingly); 2) the maximal disease duration (dashed 

red line labeled Till= 3.4); (3) highest accumulated toxicity (solid red line; the probability of AD 

diagnosis p = 0.7). 

C:  Calculated dependence of the probability of AD diagnosis on amyloid load (solid line) reproduces 

clinically observed probabilities (open circles, dashed line). The probability increases with a higher 

amyloid load. 

D:  Calculated dependence of the probability of AD diagnosis on the CSF-Aβ42 for patients with various 

densities of amyloid deposits (PET signal). Within groups of patients with the same PET, the 

probability is higher if CSF-Aβ42 is lower.  
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consequence of increased cellular uptake, is associated with increased neurodegeneration, mani-

festing in a higher probability of AD diagnosis. In terms of multivariate regression analysis, it means 

that the negative correlation between CSF-Aβ42 and the probability of AD diagnosis has an 

aggregation-independent component, which is mediated by increased cellular uptake of beta-

amyloid. The model also reproduces this phenomenon quantitatively (Figure 12, D). 

One of the essential observations coming from the fitting of clinical data is that the threshold for 

accumulated neurotoxicity in the patient, which is needed to be reached for being diagnosed with 

AD, has very wide variability in the population: the mean value of the threshold is 170 CL with the 

standard deviation of 87 CL. Such variability explains why many subjects with extremely high 

amyloid load (and corresponding high accumulated amyloid uptake and resulting accumulated 

toxicity) retain normal cognitive functions. These patients probably have a high threshold of 

neurotoxicity for AD. In other words, these patients have high resistance to amyloid-induced 

cytotoxicity, so even high levels of beta-amyloid cellular uptake do not result in significant 

neurodegeneration. 

 

4. Molecular and cellular mechanisms of beta-amyloid-induced cytotoxicity 

4.1. Lysosomal permeabilization by beta-amyloid – the mystery of a reality 

As we are looking for a mechanism of amyloid-induced cytotoxicity related to cellular uptake, 

it is reasonable to skip any hypotheses focusing on plasma membrane damage as the primary 

molecular process. Considering that it is well-known and universally accepted that beta-amyloid is 

endocytosed, and endosomes merge with lysosomes, it is reasonable to check if anything is known 

about the status of lysosomes in neurons of patients with AD. Unsurprisingly, it is widely accepted 

that lysosomal dysfunction is one of the hallmarks of AD [42-47], but the correlation does not explain 

if this phenomenon is the reason or the consequence of the disease.  

Among many actions of beta-amyloid on cells, amyloid-induced lysosomal permeabilization [39, 

40] stands out as a mysteriously powerful phenomenon.  

The phenomenon itself can be observed visually. Some fluorescent dyes, such as Lucifer Yellow 

(MW 444, Figure 13, A), are water-soluble and not membrane-permeable due to the presence of 

multiple charged moieties in their structure. For that reason, if they are taken by cells together with 

extracellular fluid – are endocytosed – they cannot leak to the cytoplasm. If cells have an intense 

endocytic process and are incubated in the medium containing Lucifer Yellow, they accumulate 

endosomes filled with the liquid containing this fluorescent compound. After such cells are washed 

from the fluorescent dye, the dye remains intracellularly and can be visualized as a punctate pattern 

(Figure 13, B)  [39, 40]. Due to the merging of endosomes with lysosomes, the fluorescence of Lucifer 

Yellow is co-labelled with lysosomal markers [32]. The brightness of fluorescent puncta is contrasted 

by a concentrating of intralysosomal content – up to 100-fold [32]. 

However, in cells exposed to Aβ42, the fluorescence of intracellular Lucifer Yellow becomes 

diffuse and covers all areas of the cell [39, 40], even though some bright dots can still be observed 

(Figure 13, C) [40]. The fact that lysosomes become permeabilized is confirmed by the appearance in 

the cytoplasm of macromolecules, such as the lysosomal enzyme β-hexosaminidase (M.W. 150 kDa) 

[39].  

The model that considers amyloid aggregates non-toxic, while 

cytotoxicity is caused by cellular uptake of soluble Aβ42 can 

successfully reproduce clinical data on amyloid biomarkers. The high 

probability of AD diagnosis in patients with a high density of amyloid 

aggregates and low concentration of soluble Aβ42 is because both the 

amyloid aggregation and the amyloid-induced neurodegeneration 

depend on the cellular uptake of the peptide.  

 

Conclusion 
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It can be suggested that lysosomes become permeabilized due to the cell's death. If that is the 

case, the plasma membrane should become permeable, so Lucifer Yellow, which leaked from the 

lysosomes, would leak from the cytoplasm, too. And no diffuse intracellular fluorescence would be 

observed. The authors of the initial report addressed this possibility by showing that dying cells 

change their shape, while lysosomal permeabilization was observed in cells that retained the typical 

shape of a living cell [39].  

The fact that in cells exposed to extracellular (!) Aβ42, lysosomal permeabilization was observed 

while the plasma membrane still retains its barrier function, was probably looking like an artifact. 

Even though the phenomenon was described independently by various laboratories, it did not attract 

the overwhelming attention of researchers. One of the reasons for such “ignorance” could be the 

mystery of how adding extracellular peptide to cells in culture can cause profound damage to the 

intracellular membranes without affecting the plasma membrane.  

However, this phenomenon is clearly relevant to a vast swath of literature focused on the 

importance of lysosomal permeabilization to the initialization of apoptosis [48]. Cathepsins were 

shown to activate the apoptotic pathway. Permeabilization of lysosomal membranes to 

macromolecules as large as β-hexosaminidase (M.W. 150 kDa) should be accompanied by the leakage 

of cathepsins (most of which have M.W. less than 50kDa) to the cytoplasm. In fact, cathepsin D was 

visualized in the cytoplasm of cells treated with beta-amyloid [39]. Cathepsins can directly activate 

caspases, initiating apoptosis – programmed cell death. Importantly, increased apoptotic activity in 

the brain is well-known to be associated with Alzheimer’s disease. The literature on the role of 

lysosomal permeabilization in apoptosis is still non-conclusive on the potential mechanisms of such 

permeabilization, which will be discussed in the next section. 

Importantly, lysosomal permeabilization is relevant not only to the turnover of macromolecules 

but also to ion metabolism. Since early studies of Aβ-mediated cytotoxicity, it was known that 

exposure of cells to beta-amyloid results in the accumulation of intracellular calcium. It was 

demonstrated that calcium accumulation is linked to oligomeric forms of beta-amyloid, while 

monomeric and fibrillated beta-amyloid do not affect intracellular calcium [5]. The major problem 

with the interpretation of measurements of intracellular calcium is the buffering capacity of 

intracellular calcium-sensitive probes such as Fura-2 [49]. Due to high intracellular concentration of 

sensing probe, calcium changes are frequently smoothed, so fine dynamics remain non-visible. 

However, with proper precautions, fast responses can be observed.  

Specifically, Abramov et al. demonstrated that calcium accumulation occurs not as a monotonic 

increase but in short waves [50, 51]. In these studies, which were performed on individual cells in 

Figure 13. Lysosomal permeabilization in cells exposed to extracellular Aβ. 

A:  The structure of Lucifer Yellow (LY, M.W. 444), a membrane-impermeable fluorescent compound. 

B:  Lucifer Yellow is endocytosed and can leak through intact lysosomal membrane. After intact cells are 

washed from extracellular dye, LY fluorescence is visible intracellularly in a punctate pattern. LY is co-

labelled with lysosomal (L) markers and can be found intracellularly for at least several days. 

C:  In cells exposed to Aβ, due to the leaking of endocytosed LY from lysosome into the cytoplasm, many 

cells demonstrate a diffuse pattern of LY distribution, but a punctate pattern can remain even in cells 

with diffuse distribution of LY. Even after lysosomal permeabilization, the plasma membrane of cells 

remains intact, so cytoplasmatic LY remains intracellular. 
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culture, the concentrations of several ions (sodium, potassium, calcium, and protons) were recorded 

by fluorescent microscopy. Several critical findings can be summarized as follows (see also the 

schematic in Figure 14, A). 

1. Intracellular concentrations of multiple ions change as synchronous waves.  

2. Waves of cytoplasmic acidification mirror calcium waves without any temporal offset.  

3. Waves are short, and the cytoplasmic concentrations are typically reversed to pre-wave level.  

4. Ion responses to Aβ exposure are initiated with a noticeable delay of at least several minutes. 

The first question is if the permeabilization of the plasma membrane can explain the observed 

changes. It appears that the changes in cytoplasmic concentrations of sodium and potassium were 

opposite to the potential effects of permeabilization of plasma membranes [50, 52]. Also, it is difficult 

to explain why the changes in plasma membrane permeability result in wave-like oscillations of 

intracellular concentrations of various ions [52].  

In contrast, the observations fit the hypothesis that the changes in intracellular ion 

concentrations are explained by lysosomal permeabilization (Figure 14, B). Most importantly, 

lysosomes are known to be a calcium storage and have acidic content. Permeabilization of lysosomes 

would release both calcium and protons into the cytoplasm and explain the synchronous and coun-

ter-directional changes of cytoplasmic calcium and pH. Short-lived fluctuations would be logical 

because a small volume of lysosomes would restrict the amplitude of consequences of each 

permeabilization event. After the content of the lysosome is leaked completely, the recovery will be 

swift due to the presence of homeostatic mechanisms controlling intracellular pH and calcium 

concentrations. Correspondingly, for ions that are endocytosed and reach lysosomes but are not 

controlled by homeostatic mechanisms, such as manganese, the intracellular concentration will 

increase synchronously to the rising front of calcium waves (as shown in Figure 14, A) but would not 

return to baseline [51].  

 

The presence of multiple waves can be reasonably connected to the permeabilization of 

numerous lysosomes, which occurs at different times. Critically, there should be a delay before any 

ion wave occurs because beta-amyloid must be endocytosed and reach lysosomes. Finally, lysosomal 

permeabilization explains why all these changes can be observed without plasma membrane damage.  

         

          

    

  

         

      

Figure 14. Exposure to extracellular Aβ results in short spikes of ion changes, which matches the lysosomal 

permeabilization ().  

A:  Schematic summarizing the findings of Abramov et al., 2003, 2004 is adapted from Zaretsky et al., 2021. 

Ion concentrations were measured in individual cells preloaded with ion-sensitive fluorescent probes. 

Wave-like increases in intracellular calcium were coincidental with cytoplasmic acidification. The 

cytoplasmic concentration of Ca2+ and pH are under strong homeostatic control. The entry of magnesium 

in the cell is also coincident with calcium waves, but unlike calcium, manganese ion is not pumped out 

of the cell, so it accumulates.  

B:  Permeabilization of lysosomal membranes results in an increase of cytoplasmic calcium and 

acidification of cytoplasm. 
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Now, we come to the critical question – how does the permeabilization occur? This question was 

asked before. In the study's design, Abramov et al. hypothesized that intracellular ion disturbances 

arise from the appearance of non-selective membrane ion channels formed by beta-amyloid [51]. The 

formation of such channels was indisputably described by multiple laboratories starting in 1993 [53-

63]. In short, adding beta-amyloid to lipid membranes results in forming a non-selective pore, which 

can pass virtually any cation, including sodium, potassium, and calcium. With previously 

demonstrated amyloid-induced intracellular calcium accumulation, channel formation was a 

reasonable hypothesis of the molecular mechanism responsible for amyloid-induced cytotoxicity 

[60]. It was unsurprising that amyloid channel theory attracted attention as a potential AD theory.   

Correspondingly, in elegant microscopic studies, Abramov et al. successfully demonstrate not 

only wave-formed intracellular synchronous fluctuations of multiple ions but also that each wave 

originates from a focal point, spreads through the cell, and fades on its way. The decrease of the 

amplitude of the wave of ion concentration with the distance contrasts with the propagation of action 

potential, which involves multiple membrane ion channels. However, it matches the concept of a 

single amyloid membrane channel. Abramov et al. assumed that such a channel is formed in the 

plasma membrane because the cell is exposed to extracellular peptide, which cannot cross the plasma 

membrane due to the size and presence of electrostatic charges [50, 51].  

There is no doubt that the formation of even a single giant amyloid channel in a plasma 

membrane would result in extremely fast dissipation of any transmembrane gradient [63], while 

amyloid-induced cell death develops over multiple hours even though apoptotic markers become 

increased much earlier [64]. This discrepancy can explain why researchers concentrated on amyloid 

channels as the mechanism mediating calcium overload [65], which would initiate a relatively slow 

pathway leading to cell death. However, the channels are non-selective and pass sodium and 

potassium with an effectiveness similar to their ability to transport calcium. It is not apparent why 

calcium overload should be viewed as a significant problem for cells if gradients of all other ions, 

including sodium and potassium, are disappearing.  

Prediction of fast equilibration of transmembrane gradients was based on electrophysiological 

properties of amyloid channels [63]. However, the recordings of intracellular ion concentrations did 

not reveal complete equilibration of intracellular and extracellular concentrations of ions, but were 

counterintuitive – the changes of sodium and potassium were opposite to the direction of changes 

which can be expected from permeabilization of the plasma membrane [50, 51]. Finally, it is difficult 

to explain why, in the thirty years since the discovery of amyloid channels, no convincing 

electrophysiological data supports the possibility of channel formation in plasma membranes of 

living cells.  

Our hypothesis that lysosomal permeabilization is the culprit in ion disturbances caused by Aβ 

exposure allows for interpreting all these contradictions [52]. However, the question “How are 

lysosomal membranes permeabilized?” remains. Importantly, this question requires an answer 

concerning both the transfer of small cations and how lysosomes of Aβ-exposed cells can leak 

macromolecules. 

 
  

Cells exposed to beta-amyloid demonstrate lysosomal 

permeabilization. The leakage of lysosomal content includes 

not only ions and small molecules but also macromolecules 

such as lysosomal proteases. The latter were implicated in 

the pathobiology of Alzheimer’s disease. 

Conclusion 
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4.2. Beta-amyloid oligomers permeabilize membranes by forming channels 

Non-specific damage to lipid membranes induced by beta-amyloid (absorption of a large 

amphiphilic compound) can be explained by a detergent-like property of the peptide, which destroys 

the barrier function of a lipid membrane [66, 67]. However, this can be observed only in extremely 

high peptide concentrations (micromolar concentrations), which were never observed in any 

(patho)physiological condition.  

This brings us back to the question of membrane channel formation. Can such a channel be 

formed in a lysosome? Can such channels explain the permeabilization to macromolecules? Why is 

membrane permeabilization observed only in lysosomes (or was it missed in other cellular 

membranes)? 

First, it is critical to understand what was known about membrane channel formation until 

recently. The experimental design typically used to study channels included studying electric 

currents evoked by various potentials applied across the lipid membrane, which is exposed to Aβ 

solutions. The most important aspect of channel formation in such conditions is that despite the 

presence of trillions of amyloid molecules, the technique records single channels. Such rare events 

would be difficult to use in the interpretation of cell death in cell cultures that have thousands of cells. 

It is evident that to die, each cell needs to receive at least one channel. Also, the channels are extremely 

large, with the conductance measured in hundreds of picosiemens compared with typical membrane 

ion channels, which have the conductance measured in tens of picosiemens. If such a channel is 

formed in a cell's plasma membrane, it will kill the cells quickly, while Aβ-exposed cells in culture 

die over many hours. 

To study the quantitative aspect of membrane channel formation, we developed the flowmetric 

technique to detect liposomes (artificial lipid vesicles), which were permeabilized [68]. The liposomes 

are extruded to contain a membrane-impermeable calcium-sensing fluorescent probe (e.g., Fluo-3) 

and have a calcium chelator. The size of liposomes is less than the wavelength of UV light, so 

scattering cannot be used to identify vesicles in the flow. For that reason, we needed to add a 

fluorescent membrane probe (e.g., DiD) to identify the liposomes when they passed the interrogation 

point of the laser during measurements. The intensity of DiD fluorescence reflects the amount of 

membrane material in the recorded vesicle. Because calcium does not cross intact lipid membranes, 

liposomes do not have significant fluorescence of the calcium-sensing probe even after calcium is 

added to the extravesicular solution (Figure 15, A). However, if some liposomes become 

permeabilized, they become fluorescent (Figure 15, B). The reason for the distribution was discussed 

in the original manuscript [68]. The technique was validated by experiments using various 

concentrations of extravesicular calcium, the addition of calcium ionophore, and negative controls 

(in the presence of a calcium chelator and/or in the absence of a calcium-sensing probe). It is essential 

that within relatively low concentrations of channel-forming fragments, the number of permeabilized 

liposomes can serve as a measure of the number of channel-forming units in the sample. 
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Our major previous findings [68, 69] can be summarized in several statements: 

1. Thousands of liposomes are permeabilized by short fragment Aβ25-35, known for its 

neurotoxicity, in a fashion that matches the formation of membrane channels. 

2. Aβ25-35 permeabilizes the membranes made of phosphatidylserine (acidic, negatively charged 

phospholipid) but not in the membranes made of phosphatidylcholine (neutral phospholipid, 

which does not carry a net electric charge). 

3. No permeabilization was observed by Aβ42 (full-length beta-amyloid, which is relevant to senile 

plaque formation and is the isoform that correlates with the progression of AD). 

4. Other short fragments, Aβ22-35 and Aβ31-35, do not permeabilize lipid membranes. 

Our data match the observations from other peer-reviewed publications: 

1. In planar lipid bilayers, adding Aβ25-35, but not full-length beta-amyloid, resulted in effective 

channel formation [54]. In studies on lipid bilayers, full-length peptides usually produced only 

single channels [62, 63]. In some studies using full-length peptides, the formation of channels 

was unreproducible [67]. 

2. Permeabilization was observed only in negatively charged membranes [70].  

Considering this match, we formulated a concept of how amyloid channels are formed: 

1. Only some amyloid fragments, but not full-length beta-amyloid, can form membrane channels. 

2. The formation of single channels in experiments on planar lipid bilayers using full-length beta-

amyloid could result from contamination with fragments. Synthetic peptides usually have a 

purity of less than 99%, so it is statistically possible that there was a sufficient concentration of 

channel-forming fragments. The dependence of results on the contaminants can explain why 

some laboratories could not reproduce the data. 

3. The fragment that can effectively form membrane channels (Aβ25-35) is mostly lipophilic and 

carries a single positive charge, while the negatively charged fragment cannot create channels. 

4. Positively charged fragments can form channels only in negatively charged membranes. 

Electrostatic interaction between the membrane and channel-forming unit is most likely needed 

to incorporate into the membrane. 

   

Figure 15. Flowmetric method to measure permeabilization of liposomes (redrawn from Zaretsky & 

Zaretskaia, 2021.  

A:  In intact liposomes, Ca2+ ions do not cross the membrane. In the absence of permeabilization of 

membranes, liposomes have relatively low fluorescence of enclosed calcium-sensor Fluo-3. 

B:  If a channel is formed in the liposome, calcium enters the vesicle, so Fluo-3 becomes brightly fluorescent. 

The short amyloid fragment Aβ25-35, known for its extreme cytotoxicity, permeabilizes liposomes made of 

negatively charged phosphatidylserine. The area corresponding to permeabilized liposomes is marked 

with a rectangle. 

C:  The number of permeabilized liposomes can serve as a measure of the number of channel-forming units 

in a tested sample.  
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Within this concept of membrane permeabilization by amyloid channels, one of the possible 

pathways to the formation of membrane channels in a cell can be summarized in the schematic 

(Figure 16). Freshly synthesized beta-amyloid does not have any conformation. Intralysosomally, it 

is cut into fragments, degraded into amino acids, and utilized by the cell as nutrients.  However, 

some fragments, which carry a positive charge and can form membrane channels, aggregate in the 

beta-sheet. The coaster-like structure, which consists of several peptide molecules, can roll in a barrel 

shape by creating a beta-sheet between peptide chains at the opposite sides of the coaster. Incorpora-

tion of a positively charged barrel into the negatively charged membrane results in the formation of 

membrane pore (channel). Since the linear size of the coaster that rolls into the barrel is large, the pore 

is giant by the standards of membrane ion channels and is not selective.  

 

Considering that this is not the only possible way to form an amyloid channel in the cell 

membrane is essential. One of the alternatives includes the absorption of full-length beta-amyloid on 

the membrane, which could significantly affect the proteolysis (for example, by changing the 

availability of sensitive to cleavage peptide bonds). In this case, membranes would also promote the 

aggregation of protected fragments. Also, aggregation can occur first. Peptide sequences, which are 

needed for channel formation, would be forming beta-sheet among the first. Therefore, these 

sequences would become more protected from proteolysis, while the rest of the beta-amyloid 

molecule will be cut from the oligomeric coaster-like structure. The sequence of events in vitro and in 

vivo can be different, and this will be critical for finding ways to control this process 

pharmacologically. 

Assuming that channel formation is relevant to amyloid cytotoxicity, it would be logical to assess 

where amyloid channel-forming fragments can be produced by proteolysis and have access to 

cellular membranes with a negative charge. Three cellular organelles have membranes with negative 

surface charge: plasma membranes, mitochondrial membranes, and lysosomal membranes (Figure 

17). Amyloid fragments are not produced near plasma membranes and mitochondrial membranes 

(except for the delivery from lysosomes to the intermembrane space of mitochondria by the kiss-and-

run mechanism [71, 72]). However, lysosomes are organelles that produce channel-forming 

fragments, while lysosomal membranes have the properties needed to incorporate amyloid 

membrane channels. 
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How does lysosomal permeabilization lead to cell death? Ion disturbances are local and are 

limited by the small size of the lysosome. Homeostatic mechanisms quickly recover ion gradients. 

One of the key characteristics of lysosomes is the acidification of content. Low pH is critical for the 

optimal function of acidic proteases. Dysfunction of lysosomes due to the dissipation of pH gradient 

at the lysosomal membrane could be one of the mechanisms explaining lysosomal dysfunction, which 

is characteristic of the brains of AD patients. Can amyloid channels dissipate the pH gradient? To our 

knowledge, the only experiments demonstrating such a possibility are those of Abramov et al., which 

showed pH waves synchronous with waves of intracellular calcium [50, 51]. Considering that the 

channels are extremely large and non-selective and pass all tested cations with a single charge [62], 

          
                  

                    
                    

                            

               

                  

                                

                     

                   

                      
 

 

            
               

Figure 17. The locations of cellular membranes with a negative surface charge and their accessibility to 

amyloid channel-forming fragments. 

Plasma membranes of healthy cells have acidic phospholipids in the inner leaflet. Even if fragments can be 

produced in the interstitial fluid (the question mark), there is no known way of translocating such 

fragments across the plasma membrane (another question mark). Lipid rafts contain negatively charged 

gangliosides, but lipid rafts are rigid structures stabilized by cholesterol and cannot be degraded even by 

mild detergents. For that reason, it looks unlikely that channel-forming amyloid oligomers can be 

incorporated into lipid rafts.  

Mitochondrial membranes, especially the inner ones, could be a biologically important target, but there are 

limited options on how any fragments can reach it. Notably, the formation of amyloid channels in the 

outer membrane is unlikely to have significant pathophysiological consequences because the membrane is 

already permeable to molecules with M.W. up to 4-6 kDa. However, the inner mitochondrial membrane is 

protected from possible fragment exposure by the outer membrane which does not have known 

mechanisms to translocate amyloid peptides from the cytoplasm to the intermembrane mitochondrial 

space. The only known theoretical (!) possibility for amyloid channel formation in the inner mitochondrial 

membrane is the “kiss-and-run” interaction between amyloid-laden lysosomes and mitochondria, 

allowing content transfer from lysosomes to the intermembrane space. 

Lysosomal membranes, unlike plasma and mitochondrial membranes, are directly exposed to the fragments of 

proteolytic degradation of Aβ. The cell endocytoses beta-amyloid, which is digested by lysosomal 

endoproteases after the endosome-lysosome merger. Lysosomal membrane carries a significant negative 

surface charge. Lysosome is the organelle that is simultaneously the realistic target for membrane amyloid 

channel formation and has the biochemical machinery to produce channel-forming channels. 
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while protons are the smallest ions, it is reasonable to predict that amyloid membrane channels would 

effectively dissipate the pH gradient. However, direct evidence is not available yet. 

Importantly, lysosomal dysfunction is observed in living cells, so even if it is one of the 

pathophysiological processes that underlie the pathobiology of AD, most likely, it is not the primary 

mechanism of cell death itself. For a long time, the destabilization of lysosomal membranes was 

hypothesized as a mechanism that allows for the leakage of lysosomal proteases to the cytoplasm [73, 

74]. It was demonstrated that once lysosomal cathepsins appear in the cytoplasm, they can activate 

the apoptotic pathway of cell death through direct action on caspases. The cytoplasm contains 

protease inhibitors, which protect the cell from such development. Still, if the protection becomes 

insufficient, apoptosis (also known as programmed cell death) would be a reasonable mechanism of 

neuronal loss. The increased levels of apoptotic markers are one of the well-described features of AD 

brains, and apoptosis is activated in cells exposed to beta-amyloid [75]. The leakage of lysosomal 

cathepsins requires the permeabilization of lysosomal membranes to macromolecules with M.W. 

exceeding 50 kDa. While “destabilization of lysosomal membranes” was considered for decades, 

there was no confirmed molecular mechanism that beta-amyloid could initiate through a known 

pathway. Can the formation of amyloid membrane channels mediate this destruction of the barrier 

function of lysosomal membrane and be the mechanism of “destabilization of lysosomal 

membranes”?  

No direct data supports either positive or negative answers to this question. However, critical 

estimates can be made based on the electrophysiological data [53]. As we stated, membrane channels 

are formed by short amyloid fragments such as Aβ25-35. Therefore, the most relevant dataset can be 

found in the electrophysiological data obtained using this fragment [53, 54]. Typical membrane ion 

channels have conductance in the range of tens of picosiemens and usually have relatively narrow 

variability. In contrast, amyloid membrane channels have extremely wide conductance variability, 

which could exceed 1000 picosiemens [53]. Arispe et al. used the term “giant” in the original 

manuscript to underscore the extreme conductance values [63]. The channel size distribution 

depends on the solution's acidity and salinity [53].  

Without direct data on the permeability of amyloid channels to macromolecules, we attempted 

to estimate the size of molecules that can be transferred through the largest channels. Our first step 

was to convert the conductance to channel properties relevant to the topic of interest – membrane 

permeabilization [38]. In the modeling study, we described a membrane channel as a cylinder with a 

length equal to the thickness of a phospholipid bilayer, filled with saline, and located in a non-

conductive membrane. Calculating the diameter of a model channel from the conductance value is 

possible. Next, we considered that the largest sphere, which a channel can pass, has the same 

diameter as the channel. It is possible to calculate the molecular weight of an object that has the 

density of a globular protein (1.37 g/ml) and is a sphere with a particular diameter. In this model, a 

pore with the conductance of one nanosiemens would allow the passage of a protein with an M.W. 

of approximately 10 kDa (Figure 18, A). Considering that we assumed that the calculation estimates 

the molecular weight of the largest protein that can pass the channel, we called this estimate the 

molecular weight cut-off (MWCO). 
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Even a glance at the distribution of amyloid channel conductance gives the impression that while 

gigantic channels are less frequent than relatively small ones (Figure 18, B), the probability is not 

approaching zero fast and does not allow to conclude that there is a clear limit of channel size (Figure 

18, C). The availability of the distribution allowed us to extrapolate the probabilities of channels of 

various conductances in the range exceeding experimental observations [38]. The extrapolation 

results are sensitive to the choice of the function. Still, even a conservative estimate using the 

exponential function shows that even rare, gigantic channels that can pass proteins of interest – such 

as lysosomal cathepsins, which mostly have a molecular weight in the range of 30-50 kDa – can be 

formed with a non-zero probability (Figure 18, D). The results of the modeling do not leave any doubt 

that amyloid membrane channels can mediate the leakage of lysosomal proteases to the cytoplasm. 

     

     

     

      

 
  
 
 
 
 
 
 
  
 

 
 
 
 
  
 
  
 
 
 
  
 

                              

 
 
  
 
 
  
 
  
 
 
 
 
  
 
 
       

 
 
  
 
 
  
 
  
 
 
 
 
 
 
  

 

 

 

  

   

              

 

  

  

  

  

   

              

  

      
    

    

         

 
 
  
 
 
  
 
  
 
 
 
 
 
 
  

                 

                                  

             

                 

 
 
  
 
 
  
 
  
 
 
 
 
 
 
  

 

 

Figure 18. The distribution of conductance of membrane amyloid channels and their estimated molecular 

weight cut-offs. Adapted from Zaretsky et al., 2021. 

A:  Channels formed by Aβ25-35 have extreme conductance variability in acidic conditions matching 

intralysosomal milieu. Calculated estimated molecular weight cut-offs (MWCO) of channels as the 

function of their conductance overlayed on data reported in Lin & Kagan, 2002. 

B:  The percentage of channels from Panel A with a conductance that can pass globular proteins of various 

molecular mass (MWCO) in model conditions. The molecular weights of some compounds are shown.  

C:  Linear-log scale to estimate exponential dependence. There is no model describing the distribution of 

channel sizes based on experimental data. The distribution of MWCO, in which all channels can pass the 

smallest molecules, can most likely be described by exponential or power function. Here, we present only 

the exponential fitting because it gives a much more conservative (lower) estimate of frequencies of 

extremely large channels that can pass macromolecules with the size of cathepsins (30-50 kDa). The best-

fit line (dashed line) was calculated for percentages of channels with MWCO more than 500 Da. 

D:  Probabilities of extremely large channels with molecular weights up to 50 kDa (corresponding to the 

largest of lysosomal cathepsins) were calculated by extrapolating the exponential fitting shown in Panel 

C. 
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5. Independent clinical evidence of increased beta-amyloid uptake in AD 

While there are no ready-to-use techniques to measure cellular amyloid uptake in the brain, the 

stable isotope labeling kinetic (SILK) technique could be one of the platforms [17], even though it is 

labor-intensive and invasive. The technique uses the ability of high-performance liquid 

chromatography (HPLC) combined with mass spectrometry (MS) to measure the concentrations of 

beta-amyloid isoforms. In the case of Aβ studies, the patient is infused with 13C-labelled leucine. 

While the heavier isotope of carbon naturally exists and represents approximately 1% of total carbon 

in the environment, the chance of random appearance of leucine molecule, which contains all six 

carbon atoms as 13C, is negligible (0.016 or 10-12). Mass-spectrometry can distinguish leucine molecules 

with six 13C atoms from leucine molecules with only 12C atoms or just one 13C atom.  Therefore, if a 

patient is infused with 13C6-leucine, any Aβ molecule containing this heavy amino acid was 

synthesized after the infusion started. In this method, HPLC separates the compounds of interest (for 

example, separates Aβ42 from Aβ40 and Aβ38) while following mass-spectrometry measures 

separately the total concentration of the peptide of interest and how much of that total concentration 

is represented by the freshly synthesized peptide. 

For SILK studies, it is advantageous that the metabolism of leucine is high, so the equilibrium 

between labeled and unlabeled amino acids is established within the first hour after the initial bolus, 

followed by continuous infusion. Labeled leucine is infused for several hours, which allows 

observing the Aβ accumulation phase, and after the infusion is stopped, the washout of labeled 

proteins can be monitored. Blood and cerebrospinal fluid are repeatedly collected from the patient 

[17].  

The analysis of beta-amyloid concentrations kinetics in the CSF is performed using a multi-

compartment kinetic model described by differential equations [15], which is similar to our approach. 

However, SILK allows to study Aβ turnover in a single patient, while we needed the dataset collected 

from a cohort of patients.  

There are two significant observations made by the SILK technique, which are not just relevant 

but critically important for the proposed hypothesis. First, the model has a rate of intrabrain 

irreversible removal v42, which is calculated explicitly [17]. This rate is significantly increased 

(approximately two-fold) in patients with AD, which supports our hypothesis of increased cellular 

uptake, which ends with proteolytic digestion of Aβ. Notably, the increase was found in both 

amyloid-positive and amyloid-negative patients, which makes doubtful the interpretation that 

demonstrated by the SILK technique increased intrabrain irreversible removal is only due to the 

aggregation on existing amyloid seeds. 

Second, the authors discovered that the model cannot properly reproduce data unless an 

additional compartment is introduced into the schematic – the compartment with a reversible 

exchange. Essentially, in patients with AD, the model needs to have some intrabrain compartment 

that takes the peptide from the ISF but returns the peptide after some time. The modeling itself does 

not allow us to say what this compartment represents. Still, this observation fits the concept of cellular 

uptake and temporary intracellular Aβ storage, which is linked to AD pathophysiology. 

Lysosomal permeabilization can be mediated by amyloid membrane 

channels with a wide range of sizes. A channel of any size can pass 

protons, so the formation of even a single channel in the lysosome 

would neutralize intralysosomal content, inactivate lysosomal 

proteases, and result in lysosomal dysfunction. The largest amyloid 

channels can pass macromolecules, including cathepsins. The leakage 

of cathepsins to the cytoplasm would initiate apoptosis and/or necrosis. 

Conclusion 
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Common sense guides that cellular uptake would lead to both irreversible loss and reversible 

exchange. The portion of the peptide that is degraded represents an irreversible loss. However, if 

some content is returned to the ISF, it will mean a reversible exchange. 

In healthy subjects, the portion of Aβ42 consumed by cells is relatively small. The endocytosed 

peptide is probably mostly degraded, while the percentage of endocytosed peptide returned to the 

ISF is small enough that its addition to the model cannot be justified statistically. In contrast, in 

patients with AD, the irreversible removal is higher, which means that more of the peptide is taken 

by cells and digested. But, even more critical, the endocytosed peptide is stored intracellularly in 

amounts that are significant enough to be noticeable to justify the addition of an extra compartment 

to the model. In the original manuscript [17], authors suggested that aggregated beta-amyloid could 

be the physical representation of this compartment due to reversible aggregation of the peptide at 

the surface of senile plaques. However, reversible exchange was observed in patients who were 

amyloid-negative. We suggest that the concept of cellular uptake and storage is a more biologically 

reasonable interpretation of the same clinical observations. 

Within the amyloid degradation toxicity hypothesis framework, the more prolonged 

intracellular presence of beta-amyloid would promote both the accumulation of extracellular 

deposits and neurodegeneration. As was discussed in the section on how aggregation seeds are 

formed, more extended storage promotes the formation of aggregation seeds. Considering that this 

compartment represents “reversible exchange, " the content returns to the ISF. It means that beta-

amyloid, including its oligomerized form, is returned to the ISF. Large particles can become the core 

of future senile plaques. From this perspective, the appearance of a significant reversible exchange 

pool could be the initial point leading to the accumulation of deposits. Also, considering that beta-

amyloid is not quickly digested and remains intralysosomally for a long time, prolonged 

intralysosomal presence of peptide provides more opportunities for endopeptidases to produce 

channel-forming fragments. More intralysosomal beta-amyloid would lead to more chances of 

lysosomal permeabilization and cytotoxicity. 

Also, longer intracellular storage could result in more digestion of the peptide even if the activity 

of enzymes remains the same. The result of such prolongation of intracellular storage would be 

increased irreversible loss of peptide, which was also observed.  

Potential pathophysiological consequences of slow lysosomal turnover bring the chicken or the 

egg causality dilemma. Is lysosomal dysfunction the consequence of lysosomal damage induced by 

endocytosed beta-amyloid? Or is it the initial slowdown of lysosomal turnover that leads to the 

cytotoxicity and accumulation of extracellular amyloid deposits? 

 

6. Cornerstones of the amyloid degradation hypothesis of Alzheimer’s disease 

The amyloid degradation toxicity hypothesis of Alzheimer’s disease is based on multiple 

experimental discoveries or conclusions made from these discoveries.   

1). Amyloid membrane channels are formed by fragments of Aβ (such as Aβ25-35 but most likely 

other fragments as well), not full-length beta-amyloid (such as Aβ42 or Aβ40). 

2). Incorporating amyloid channel-forming oligomers into lipid membranes requires that the 

membranes have a negative surface charge. 

The stable isotope labeling kinetics (SILK) technique is one of 

the clinical approaches to estimating amyloid turnover. The 

data obtained using this technique fit the amyloid degradation 

toxicity hypothesis framework. The results suggest that 

increased cellular amyloid uptake can have a synergy with 

slower lysosomal turnover to promote AD progression. 

Conclusion 
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3). Lysosomal membranes are one of three cellular membranes with a negative surface charge 

(along with the inner leaflet of plasma membrane and mitochondrial membranes). 

4). Lysosomes provide both the biochemical machinery, which creates channel-forming fragments 

from endocytosed beta-amyloid, and the membranes permeabilized by these channels. 

5). Any (including the smallest) amyloid channels dissipate the lysosomal membrane's pH gradient, 

resulting in lysosomal dysfunction due to the inhibition of acidic proteases.  

6). Lysosomal dysfunction prevents normal quality control of organelles (mitochondria are the 

most sensitive to this disturbance due to high metabolic damage associated with their function). 

7). Largest amyloid channels can pass macromolecules, including cathepsins, which either directly 

mediate necrosis or activate apoptosis. Both necrosis and apoptosis result in cell death. 

8). Membrane amyloid channel formation can be considered the primary molecular mechanism of 

beta-amyloid toxicity. 

9). Membrane amyloid channels mediate lysosomal permeabilization. 

10). Neuronal death is the cellular mechanism of cognitive impairment and dementia in AD. 

11). The degree of cell death depends on the accumulated Aβ toxicity, so the disease progresses over 

time.  

12). The accumulated toxicity of Aβ, and as a result, the degree of neuronal death, has a positive 

correlation with the intensity of Aβ endocytosis.  

13). The initial step of amyloid aggregation occurs intralysosomally. Therefore, the accumulation of 

amyloid aggregates positively correlates with the intensity of endocytosis of beta-amyloid.  

14). Both cytotoxicity and intrabrain aggregation of beta-amyloid positively correlate with the 

intensity of endocytosis, which explains why the accumulation of extracellular amyloid 

aggregates is the biomarker of AD.  

15). Both aggregation on existing amyloid aggregates and cellular uptake decrease interstitial 

concentrations of soluble Aβ, so a low concentration of soluble Aβ in the CSF serves as AD 

biomarker. 

16). Higher cellular uptake results in faster neurodegeneration and lowers concentration of soluble 

Aβ independent of aggregation of existing aggregates, so lower soluble Aβ has a negative 

correlation with the progression of AD, which is independent of the density of deposits 

(measured by PET). 

17). The severity of cognitive impairment in patients with late-onset AD positively correlates with 

the intensity of cellular Aβ uptake. 

18). There is wide variability of sensitivity to amyloid endocytosis: patients with similar uptake can 

have significantly different levels of neuronal death. 

19). The sensitivity to the endocytosed beta-amyloid depends on the balance between the rates of 

production and degradation of channel-forming fragments, the activity of biochemical pathways 

mediating neuronal death induced by lysosomal permeabilization, and cellular protection 

against consequences of lysosomal permeabilization. 

20). Increased sensitivity to the endocytosed beta-amyloid could be one of the alternative 

mechanisms of AD: patients with early-onset AD do not have an increased Aβ uptake. 

7. The description of the amyloid degradation toxicity hypothesis of Alzheimer’s disease at 

various levels 

For each level of organization, the logic is presented through a series of statements and 

conclusions identified by indentation and highlighting/shading. References were provided above 

and omitted here for brevity. The description of each level is summarized in a figure which follows 

the corresponding table. Figures are numbered with the prefix “S” (Summary”). 
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7.1. Molecular level 

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

proteases called secretases.  

The predominant form is the 40-amino acid-long peptide (Aβ40). However, senile plaques in the 

brain, which are histological hallmarks of AD, contain mostly 42-amino acid-long Aβ42.  Both 

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

Immediately after synthesis, beta-amyloid has no secondary structure and is soluble. 

With time, the peptide can form a 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 that include other proteins. 

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

beta-amyloid isoforms, Aβ42 is most prone to aggregation.   

Soluble beta-amyloid is toxic to healthy cells in vitro, while aggregated beta-amyloid is non-toxic. 

The oligomeric form of beta-amyloid mediates the peptide’s cytotoxicity. 

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

No known receptor or ion channel 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 µM, while extracellular concentrations of beta-amyloid are in the 

nanomolar range.  

Beta-amyloid peptide(s) can form membrane channels. 

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

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

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

peptides. 

Not all fragments have channel-forming ability. 

Channels are formed in membranes carrying negative surface charge. 
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Multiple molecules of peptide form each channel (channels are oligomers). 

Amyloid membrane channels are non-selective. 

Channels are giant (with conductance up to several nanosiemens) and have various sizes. 

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

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 the membrane 

of an organelle or whole cell. 

In physiological conditions, the formation of amyloid channels, 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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7.2. Organelle level 

The outer leaflet of the plasma membrane of healthy cells is not negatively charged. 

No reliable experimental electrophysiological data supports the formation of giant amyloid 

channels in the plasma membrane of cultured cells in vitro. 

Amyloid membrane channels are not formed in the cellular plasma membrane. 
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The inner mitochondrial membrane (IMM) is negatively charged, but known pathways require the 

involvement of other organelles (such as endosomes) to deliver channel-forming beta-amyloid 

fragments to the IMM.  

The mitochondrial membrane is not a likely target for permeabilization by amyloid 

membrane channels. 

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

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

channel-forming fragments. 

Lysosomal membranes have a strong negative surface charge, which is the prerequisite for forming 

membrane amyloid channels. 

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

toxic amyloid species. 
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7.3. Cellular level 

Cells exposed to the Aβ42 demonstrate synchronous oscillations of concentrations of several 

intracellular ions (calcium, sodium, potassium, pH) that match the concept of a non-selective 

membrane channel opening. 

The frequency of channel conductance oscillations observed electrophysiologically (millisecond 

range) does not match the time scale of oscillations in intracellular ion concentrations (seconds to 

minutes). 

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. 

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

beta-amyloid. 

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

are formed in the plasma membrane. 

Amyloid membrane channels are not formed in the cellular plasma membrane. 

Observed oscillations in intracellular ion concentrations (an increase in calcium and potassium and 

a decrease in pH and sodium) match the ion disturbances that the permeabilization of lysosomes 

could cause.  

The small volume of individual lysosomes allows for quick restoration of normal ion balance in 

the cell following the damage to a single lysosome. This results in the ion disturbance being 

observed as a wave. 

The oscillations are caused by the permeabilization of multiple lysosomes. 

Channels in lysosomal membranes explain intracellular ion changes induced by exposure 

to beta-amyloid. 

Cells exposed to the Aβ42 demonstrate the content leakage from multiple lysosomes (but not all) 

without signs of plasma membrane damage. 

Cells exposed to the Aβ42 demonstrate lysosomal content leakage before cell death. 

In cells exposed to the beta-amyloid, lysosomes leak not only small molecules (such as Lucifer 

Yellow, M.W.444 or ethidium bromide, M.W.394) but also larger molecules such as cathepsin D 

and enzymes with M.W. 150 kDa. 

The electrophysiological data suggests that the largest amyloid channels can pass macromolecules. 

Channels in lysosomal membranes explain lysosomal permeabilization induced by 

exposure to beta-amyloid. 
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Channels in lysosomal membranes explain lysosomal permeabilization that occurs 

without damage to the plasma membrane. 

Even a single channel is enough to equilibrate ion concentrations inside the 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. 

Though rare, the largest amyloid channels (with a conductance of several nS) can transport macro-

molecules equal to or larger than lysosomal cathepsins. 

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

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

Lysosomal permeabilization due to the formation of channels in the lysosomal membrane 

can lead to cell death. 

After 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 a giant amyloid channel is a rare event. Only a tiny percentage of amyloid 

channels can kill the cell.  

It could require prolonged exposure to beta-amyloid to produce a sufficient number of cytotoxic 

channels in a significant proportion of cells. 

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

The formation of small channels is a more frequent event, but it does not directly lead to cell death. 

Cells with lysosomes carrying small amyloid channels survive but damaged lysosomes remain 

dysfunctional. 

After exposure to beta-amyloid, 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 

recycle damaged lysosomes.  

The symptoms of AD depend on the number and functional status of remaining neurons. 
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Neurons that are damaged by the formation of small amyloid channels can recover. 

The recovery requires the prevention of the formation of new channels. 

It is feasible that some AD symptoms (specifically those that appear due to the 

dysfunction 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 induced by the formation of giant 

amyloid channels should be prevented. 

 

7.4. Tissue/Organ level 

Neurons are responsible for 70–80% of total brain energy consumption.  

Neuronal loss is a major contributor to lower brain metabolic activity in patients with AD. 
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Lysosomal failure leads to improper recycling of various cell organelles.  

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

damage. 

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

species, amplifying 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 Aβ42 cannot spontaneously initiate in the interstitial fluid due to a very low 

peptide concentration (around 1 nanoM).  

Endocytosed Aβ42 is concentrated inside lysosomes up to 100-fold and can be observed 

intracellularly for more than 48 hours. 

Estimated intralysosomal Aβ42 concentration and the length of Aβ42 presence inside lysosomes 

allow for the initiation of amyloid aggregation. 

Aggregated Aβ42 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, the aggregated peptide is exocytosed along with 

remaining non-digested soluble Aβ42. 

When exposed to Aβ42, cultured cells in vitro promote beta-amyloid aggregation. 

Extracellular aggregation seeds are initially formed intralysosomally. 

Higher endocytosis intensity increases aggregation seeds' production to the interstitial fluid. 

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

of Aβ42 endocytosis. 
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7.5. Organism level 

The cytotoxicity and the appearance of senile plaques are both the consequence of the same initial 

process - endocytosis of Aβ42. 

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 an 

indirect biomarker of AD. 

In patients with AD, the concentration of Aβ42 in the CSF is lower than in the subjects with normal 

cognition. 

Synthesis of Aβ42 in patients with AD is not differrent from that of subjects with normal cognition. 

In patients with AD, CSF flow is either the same or lower than in subjects with normal cognition. 
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Neither lower synthesis nor higher CSF flow explains the lower concentration of Aβ42 in 

the CSF in patients with AD. 

Existing amyloid aggregates serve as aggregation centers for soluble Aβ42.  

If the density of existing aggregates is high, more freshly synthesized Aβ42 aggregates. 

If a higher ratio of freshly synthesized Aβ42 aggregates, the concentration of Aβ42 in the interstitial 

fluid decreases, so less Aβ42 is transported to the CSF. 

Patients with AD have a higher density of amyloid deposits. 

AD patients have lower levels of Aβ42 in the CSF due to the increased aggregation of Aβ42 

on existing amyloid plaques. 

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

level of Aβ42 in the CSF.  

The concentration of Aβ42 in the CSF is relevant to AD pathophysiology, but similarly to 

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

The concentration of Aβ42 in the CSF as the standalone biomarker has a diagnostic value 

similar to PET measurements. 

According to multivariate correlation analysis, CSF-Aβ42 levels and PET imaging data have 

independent predictive powers for AD diagnostics, even though these two biomarkers are highly 

correlated. 

Combining two biomarkers (PET data and the concentration of Aβ42 in the CSF) provides 

more information than each biomarker alone. 

If we compare the concentration of Aβ42 in the CSF of patients with AD and subjects with normal 

cognition with the same density of amyloid deposits, the Aβ42 concentration in patients with AD 

is significantly lower. 

There is some aggregation-independent process that affects the concentration of Aβ42 in 

the interstitial fluid and has a rate that is different between patients with AD and subjects 

with normal cognition. 

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

normal cognition, so this additional process occurs inside the brain. 
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The synthesis rate of Aβ42 is not different between patients with AD and subjects with normal 

cognition. 

The additional process is the aggregation-independent intrabrain removal of Aβ42. 

A high ratio of patients with a high density of amyloid aggregates also have advanced 

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

A maximal concentration of Aβ42 in the CSF can be observed for each given density of amyloid 

deposits.  

Subjects with the highest possible concentrations of Aβ42 in the CSF for a given amyloid deposit 

density have a very low AD probability. 

Higher aggregation-independent intrabrain removal of Aβ42 corresponds to the decrease of Aβ42 

concentration in the CSF. 

The aggregation-independent intrabrain removal of Aβ42 is more intense in the brains of 

AD patients. 

Most of intrabrain Aβ42 removal is mediated by proteolytic degradation. 

Most proteases are located intracellularly. 

To be degraded by proteases, Aβ42 needs to be internalized by cells. 

The primary way of Aβ42 cellular uptake is endocytosis. 

Aβ42 endocytosis is increased in the brains of AD patients. 

Endocytosis is the initial step of beta-amyloid neurotoxicity. 

Increased Aβ42 endocytosis is involved in higher neurodegeneration in AD patients. 

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

turnover in the brains of living patients. 

SILK studies showed increased irreversible intrabrain removal of Aβ42 in AD patients, which can 

be observed even in the absence of existing plaques. 

The data generated by the studies of beta-amyloid turnover supports the hypothesis 

about higher Aβ42 endocytosis in patients with AD. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 November 2023                   doi:10.20944/preprints202306.0807.v2

https://doi.org/10.20944/preprints202306.0807.v2


 45 

 

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

presence of an “exchange pool” of freshly synthesized Aβ42. In subjects with normal cognition, 

the size of such a pool is not statistically different from zero. 

Increased endocytosis of Aβ42 is associated with the exocytosis of non-aggregated intralysosomal 

Aβ42, which is exocytosed along with amyloid aggregation seeds.  

Dramatically increased endocytosis of Aβ42 fits the concept of “exchange pool.” 

Increased endocytosis explains both increased irreversible intrabrain removal of Aβ42 

and the larger size of its “exchange pool.” 

Increased cellular uptake of Aβ42 is one of the 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 concentrations of toxic fragments. Such 

disbalance would increase beta-amyloid toxicity without increased uptake.  

Cellular Aβ42 uptake in patients with early-onset AD is not different from uptake in subjects with 

normal cognition. The early-onset AD is most likely characterized by higher toxicity of 

endocytosed Aβ42. 

The amyloid degradation toxicity hypothesis provides the framework for the 

pathophysiology-based classification of various AD forms. 
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7.6. Population level 

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

uptake of Aβ42. 

The probability of AD increases with age. 

Cellular uptake defines the toxic insult made by beta-amyloid. Still, the level of neuronal death, 

the severity of clinical symptoms, and eventually the diagnosis of AD depends on the individual 

relative toxicity of endocytosed beta-amyloid. 
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The ability of lysosomal proteases to produce and degrade channel-forming fragments defines the 

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 the toxic action of beta-amyloid. 

Patients with a high rate of endocytosis have a 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) 

On average, patients with high amyloid load have a higher rate of neurodegeneration and 

a higher probability of AD diagnosis. Still, some patients with high values of amyloid 

PET signal can have normal cognition. 

The same process - endocytosis of Aβ42 – 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 Aβ42 as the interaction between synthesis, transfer to 

the CSF, aggregation on existing plaques, and cellular uptake of the peptide, can be expressed as 

a system of differential equations. 

In modeling, the probability of AD diagnosis was approximated as a sigmoid function of 

accumulated 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 the highest accumulated uptakes, neuronal death reaches levels when the probability of AD 

diagnosis approaches 100% and cannot be increased anymore. 

The clinical dataset, which contains values of amyloid deposits density and levels of Aβ42 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. 

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

set of parameters is used. 

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

The distribution of two major amyloid biomarkers in the human population supports the 

amyloid degradation toxicity hypothesis of Alzheimer’s disease.   
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7.7. Multiscale summary of amyloid degradation toxicity hypothesis 

Molecular Level 

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

The 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 positive charge in membranes carrying a 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. 

Organelle Level 
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Lysosomes are the primary target in the cytotoxic action of beta-amyloid. Intralysosomal 

digestion of beta-amyloid produces channel-forming amyloid fragments. Lysosomal membrane 

carries a significant negative surface charge required for the formation of membrane amyloid 

channels.  

Cellular Level 

Endocytosis of beta-amyloid is the first step required for cytotoxicity.  Membrane channels of 

any size cause lysosomal dysfunction, while extremely large channels allow for the leakage of 

lysosomal proteins to the cytoplasm. Leaked cathepsins induce either necrosis or apoptosis. 

Lysosomal permeabilization and lysosomal failure are the origins of other cellular hallmarks of 

AD – mitochondrial insufficiency, increased production of reactive oxygen species, the 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 Level 

Cellular death explains gross brain pathology in AD (especially in advanced stages of the dise-

ase): 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 a pathophysiology-relevant but indirect biomarker of AD. 

Organism Level 

Patients with late-onset AD have higher cellular uptake of Aβ42 than subjects with normal cogni-

tion. 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 Aβ42 in the CSF is predominantly defined by the aggregation of this toxic 

soluble peptide on existing amyloid deposits, while the density of deposits correlates with 

neurodegeneration. For that reason, CSF-Aβ42 can serve as a standalone AD biomarker, which is 

similar in value to the density of amyloid deposits. Therefore, CSF-Aβ42 is also the 

pathophysiology-relevant but indirect biomarker of AD. 

However, in patients with the same density of beta-amyloid deposits, a higher cellular uptake 

rate results in lower CSF-Aβ42. At a predefined density of deposits, lower CSF-Aβ42 indicates 

higher cellular amyloid uptake and faster neurodegeneration. Therefore, CSF-Aβ42 has a diagnostic 

value independent of the diagnostic value of the density of amyloid deposits. Using two major 

amyloid biomarkers together is advantageous until direct pathophysiology-relevant biomarkers 

are developed.  

Population Level 
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The probability of AD diagnosis in a particular patient depends on the accumulated neurotoxicity 

of Aβ42, which in turn depends on the accumulated amount of endocytosed Aβ42. However, the 

neurotoxicity of endocytosed Aβ42 also depends on the relative toxicity of this peptide. Relative 

toxicity can be different between patients. The mathematical model that considers all these 

conditions accurately reproduces clinical data on the distribution of biomarkers and the probability 

of AD in the population.  

Currently used biomarkers (the density of amyloid deposits and the concentration of Aβ42 in the 

CSF) are related to AD pathobiology and correlate well with the disease. However, their non-direct 

nature limits the ability to use them to diagnose and, more importantly, predict disease progression. 

Methods that allow for the estimation of cellular amyloid uptake (such as the stable isotope 

labeling 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's disease. 

7.5. The amyloid degradation toxicity hypothesis is 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. 

The 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 Aβ42 is cytotoxic, but AD diagnosis is associated with lower levels of soluble Aβ42 in 

biological fluids. 

AD is characterized by lysosomal failure, lysosomal permeabilization, activation of apoptosis, 

accumulation of intracellular amyloid aggregates, mitochondrial dysfunction, 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. 

The amyloid degradation toxicity hypothesis interprets multiple phenomena and 

paradoxes associated with AD. 

The hypothesis explains why currently used amyloid-based biomarkers of AD (brain amyloid load 

and level of Aβ42 in the CSF) are associated with the pathophysiology of AD.   

Both biomarkers provide indirect measures of parameters relevant to the etiology of AD. 
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The hypothesis interprets why there is a significant overlap between two amyloid 

biomarkers and what independent information can be found if these two biomarkers are 

considered together.   

7.8. Amyloid degradation toxicity hypothesis provides a framework for future research 

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

quantitatively characterized in a patient.  

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 that are directly related to AD 

pathophysiology. 

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

The hypothesis explains why currently used treatments do not prevent disease progression. 

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

The etiology and pathways involved in 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. 

8. Summary: etiology and pathogenesis of Alzheimer’s disease  

The integrative amyloid degradation toxicity hypothesis of Alzheimer’s disease can be 

summarized in a set of statements.   

1. The toxicity of soluble beta-amyloid is the driving force in the development of Alzheimer’s 

disease. 

2. Amyloid membrane channel formation is the primary molecular mechanism of beta-amyloid 

toxicity and can be considered the etiology of AD. 

3. Lysosomal permeabilization due to membrane amyloid channel formation is the initial cellular 

damage. 

4. Lysosomes digest endocytosed Aβ, producing fragments, some of which can form membrane 

channels, while lysosomal membranes have characteristics required to incorporate channel-

forming amyloid oligomers. 

5. Neuronal death is the result of activation of necrosis and/or apoptosis due to the leakage of 

lysosomal proteases through extremely large amyloid membrane channels, which are formed 

with low, but non-zero, probability. 

6. Dissipation of the pH gradient on the lysosomal membrane through amyloid membrane 

channels of any size results in lysosomal dysfunction and corresponding autophagy failure.  

7. The progression of AD includes functional (potentially reversible) cellular changes and cell 

death (irreversible, so the disease progresses over time). 
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8. The degree of neuronal death depends on the accumulated Aβ toxicity and, therefore, on the 

intensity of Aβ endocytosis and time. 

9. Humans have very wide variability of sensitivity to the endocytosed Aβ because the pathway 

from Aβ endocytosis to cell death includes multiple steps.  

10. The sensitivity to endocytosed Aβ can be high, which can explain why some forms of AD are 

not associated with increased cellular amyloid uptake. 
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