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Alzheimer’s disease (AD) is currently considered the major cause of cognitive 
impairment in older adults. This explains the close attention to the issue of AD 
research. The pathomorphological basis of the disease is a neurodegenerative 
process, the early stages of which are formed in the hippocampus and the 
morphofunctionally deep parts of the temporal lobes of the brain closely 
related to it. Several hypotheses have been advanced concerning the causes 
of neurodegeneration: the amyloid hypothesis, the calcium homeostasis 
impairment hypothesis, the inflammatory hypothesis, and the prion hypothesis. 
However, these hypotheses cannot explain the early stages of the pathogenesis 
of neurodegenerative diseases, in particular Alzheimer’s disease. This health 
problem requires further comprehensive study of available data, as well as 
additional investigations to determine the nature of such a process. In this review, 
the data on microcirculatory disorders in the capillaries of the hippocampus 
and mediobasal structures of the temporal lobes of the brain, which may be an 
initiating factor that triggers neurodegenerative events, are analyzed.
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Introduction

Numerous studies available in the literature consider the pathogenesis of 
neurodegeneration in general and Alzheimer’s disease (AD) in particular. The amyloid 
hypothesis has recently been a key one. According to it, the development of the disease is 
caused by the aggregation of pathologic amyloid β protein into senile plaques. In health, the 
amyloid β precursor protein (APP) normally undergoes sequential posttranslational 
proteolysis by two proteases. Due to the initial action of α-secretase, a soluble fragment, 
sAPP-α, and a membrane-bound C-terminal region are observed to form. The exposure of the 
latter to γ-secretase leads to the formation of the p3 fragment. Both substances are soluble and 
are involved in maintaining a number of crucial reactions such as neuroplasticity, synaptic 
transmission, signaling function, and neurogenesis (Ermilov and Nesterova, 2016; Nalivaeva, 
2022). In pathology, the β-secretase pathway of APP proteolysis becomes dominant instead of 
the α-secretase pathway. Formation of two proteins is observed under its effect. The first one 
is the peptide sAPP-β, which is soluble but cannot fully perform its physiological functions 
due to a slightly different configuration with a lower number of amino acid residues compared 
to sAPP-α. The second is the membrane-bound C-terminal fragment C99 consisting of 99 
amino acid residues. Subsequently, the amyloid β protein is formed from it when under the 
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effect of γ-secretase. It is able to spontaneously aggregate, passing 
through several intermediate forms. These forms include 
oligomerization of the protein into fragments containing from two to 
six peptides, protofibrils, and fibrils that form amyloid plaques. Recent 
studies show that soluble forms of the amyloid β protein exhibit a 
significantly greater neurotoxic effect compared to the protein’s 
aggregated form (Litvinenko et al., 2019; Chumakov et al., 2020).

Another hypothesis of AD development considers the impairment 
of calcium homeostasis. Ca++ plays a significant role in the organization 
of intracellular signaling, being the second most important messenger 
involved in the regulation of neuronal activity. Its excess accumulation 
in the cell leads to the activation of intracellular enzyme systems 
(proteases, endonucleases, etc.). Simultaneously, a cascade of reactions 
of slow excitotoxicity and the induction of oxidative stress occur. 
These factors combined result in degeneration of cellular structures 
(Popugaeva et  al., 2018; Bezprozvanny, 2022). The inflammatory 
hypothesis of AD formation and the somewhat related glial hypothesis 
have become of great importance. As a significant number of studies 
have shown, during the development of neurodegeneration in brain 
tissue, cerebrospinal fluid, and blood serum, there is a significant 
increase in the amount of proinflammatory cytokines and other 
inflammatory process markers. The activation of microglia, which is 
the main immune-presenting factor of the brain, plays a particular 
role. Astrocytes, which perform polymodal functions within the 
central nervous system, are also of crucial importance. Their activation 
along with immune and inflammatory responses can lead to 
dysfunction of the glymphatic system, lower efficiency of synaptic 
transmission, and also additional synthesis of amyloid β (Vorobev 
et al., 2020; Kushnireva et al., 2019). The prion hypothesis is rather 
interesting. It is based on the data obtained through several studies on 
the prion-like properties of the amyloid β protein. In particular, 
improper arrangement of the molecule into the tertiary structure is 
observed, resulting in alteration of protein’s properties. Moreover, it 
was found that upon contact with a normal protein the spatial 
arrangement of this molecule changes and it leads to the spread of 
pathology (Tatarnikova et al., 2015). There are also other hypotheses. 
Although being undoubtedly important in terms of revealing certain 
aspects of AD development, they all have one disadvantage. The 
changes described in them require a trigger factor that would be an 
initial cause of the considered events. Nevertheless, these hypotheses 
cannot explain the early stages of AD pathogenesis. The current state 
of the problem necessitates a comprehensive analysis of available data 
and additional studies that could help identify the nature of such 
a process.

A systematic overview of the studies carried out in this field to 
date has demonstrated that one of the factors initiating 
neurodegeneration may be  a local microcirculatory impairment 
occurring in capillaries of the hippocampus and mediobasal structures 
of the temporal lobes of the brain. Thus, a morphological study of 
hippocampal tissue samples from middle-aged individuals (up to 
60 years old) revealed changes indicating ischemic cell damage along 
with impaired blood circulation in the vessels of the microcirculatory 
bed (Gorelik, 2014). Thus, involutional changes in capillaries in old 
age were significantly higher in the regions of the archicortex, 
including the hippocampus, than in the neocortex (Pigolkin and 
Zolotenkova, 2014). Also, several experimental studies revealed a 
decrease in the number, density, and length of capillaries in the 
hippocampus and several cortical areas in aged rats. These data are 

generally consistent with the results of clinical observations that 
reported a decrease in these parameters in groups of individuals older 
than 75 years (Brown and Thore, 2011). Moreover, a 30% decrease in 
capillary density was found in the hippocampus and cerebral cortex 
compared to healthy animals in a study based on an experimental 
model of AD (Paris et al., 2004). In a study of brain tissue samples 
from patients who suffered from AD during their lifetime, a decrease 
in the microcirculatory bed density was also found compared to the 
age norm (Brown et al., 2007). It should be noted that the heterogeneity 
of capillary blood flow found in the temporoparietal regions, cingulate 
gyrus, and precuneus correlated negatively with the results of the 
mini-mental state examination (MMSE) in patients with probable and 
possible Alzheimer’s disease (Østergaard et al., 2015). Another study 
showed a decrease in the intercapillary distance in hippocampal and 
cortical tissue samples from patients with Alzheimer’s disease 
compared to cognitively intact individuals of a similar age. The 
authors characterize such changes in terms of changes in angiogenesis 
and vascular remodeling aimed to eliminate the observed capillary 
dysfunction (Kirabali et al., 2020).

This explanation can be supported by the results of another study, 
which revealed a reduced capillary density in tissue samples from the 
CA1 hippocampal region of patients who suffered from Alzheimer’s 
disease in their lifetime at Braak stages II–III, compared to samples 
obtained from patients who did not suffer from cognitive impairment. 
Moreover, the capillary density in the hippocampus increased at Braak 
stages IV–VI (Figure 1) (Millien et al., 2022).

An overview of 37 studies that assessed the capillary bed in aging 
and AD has also allowed the identification of several general patterns 
typical of these conditions. In particular, a number of specific changes 
indicating the development of capillary dysfunction were detected in 
older adults, as well as in patients with clinical manifestation of AD 
and in its model in laboratory animals. This phenomenon is 
manifested as a decrease in capillary density, increase in intercapillary 
distance, and decrease in vessel length (Brown and Thore, 2011).

The available pathomorphology data indicating the active role of 
capillary dysfunction in the AD development has contributed to the 
studies aimed at confirming this hypothesis in vivo. In view of the 
specifics of such studies on patients in vivo, the methods for the 
assessment of capillary blood flow based on magnetic resonance are 
promising. Significant efforts have been made in this regard. For 
instance, 32 patients with diagnosed AD, who had the MMSE score of 
more than 18, were examined in one of the protocols. Pittsburgh 
compound B positron emission tomography (PiB-PET) was obligatory 
performed on the patients. Magnetic resonance imaging (MRI) was 
performed by a 3 T Magnetom Tim Trio system, and perfusion-
weighted MRI was conducted by both gradient-echo (GE) and spin-
echo (SE) echo-planar imaging. Cortical thickness was measured on 
T1w images and compared to a standard cortical surface in Montreal 
Neurological Institute (MNI) space. Postprocessing analysis was 
carried out using the SPM8 statistical parametric mapping software 
package. Cerebral blood flow, blood volume in the microvascular bed, 
mean blood transit time, capillary transit time heterogeneity, and 
tissue oxygen tension were assessed using a special methodology. It 
was found that initially worse results of the cognitive assessment and 
lower parameters of the cortical thickness correlated with decreased 
cerebral blood flow in general and worse capillary blood flow in 
particular. These were also detected against the backdrop of higher 
blood flow velocity, heterogeneity of blood transit time through the 
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microcirculatory bed, and low oxygen tension parameters. The 
reassessment performed 6 months later demonstrated a significant 
relationship of the degree of higher cortical function impairment with 
the increase in the relative heterogeneity of capillary transit times 
(Nielsen et al., 2017).

In another study, a comparative assessment of changes in capillary 
blood flow in groups of patients with moderate cognitive impairment 
(MCI) of Alzheimer and non-Alzheimer types was conducted. As a 
result, the patients with prodromal AD (MCI) showed a significant 
increase in the capillary blood flow and transit time heterogeneity and 
also a decrease in tissue oxygen tension in the brain during 2 years of 
observation (Figure 2) (Madsen et al., 2022).

Arterial spin labeling (ASL) MRI, which is a contrast-free MR 
perfusion technique, revealed a decrease in blood flow in the posterior 

cingulated, lingual gyri, and also in the hippocampus in patients with 
amnestic MCI and mild dementia of the Alzheimer type compared to 
the group of individuals without cognitive impairment (Soman et al., 
2021). Another study was aimed at investigating the correlation 
between microcirculation dysfunction and amyloid β aggregation in 
patients with prodromal AD. To this end, dynamic susceptibility 
contrast MRI and PET with Pittsburgh compound B were performed. 
There was a significant relationship between the decreased 
microvascular blood flow and its increased heterogeneity on one side 
and amyloid β deposition in temporal and frontal lobes on the other 
(Madsen et  al., 2023). The changes identified in the study on the 
relationship between microcirculatory dysfunction and tau deposition 
were not so unambiguous. In particular, spin-echo and gradient echo 
dynamic susceptibility contrast magnetic resonance imaging (MRI) 

FIGURE 1

(A) Variations in capillary density in tissue samples of CA1 hippocampal region in AD patients and healthy control individuals without cognitive 
impairment. (A) Evaluation of capillary density based on immunofluorescence analysis of PECAM (platelet/endothelial cell adhesion molecule) or CD31 
endothelial cell marker accumulation. (B) Percentage variation in capillary density at different stages of AD. (1) In health. (2) AD, Braak stages II–III. (3) 
AD, Braak stages IV–VI (base on research from Millien et al., 2022). (B) Changes in capillary perfusion determined via spin echo-based perfusion 
weighted MRI. A decrease in a number of parameters in patients with the prodromal AD (AD-MCI, MCI of the Alzheimer type) relative to patients with 
the non-Alzheimer type (non-AD-MCI) is shown. MTT, mean transit time; CTH, capillary transit time heterogeneity; PtO2, tissue oxygen tension (cited 
from Madsen et al., 2022).
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with intravenous injection of gadolinium-based contrast agent and 
using flortaucipir PET, which is a tau ligand, were performed on 
patients with MCI or mild dementia in AD. The results showed a 
reduced global cortical cerebral blood flow, variations in microvascular 
cerebral blood flow, an increase in capillary transit heterogeneity, as 
well as changes in the oxygen extraction fraction level in the cortex 
(Bryant et al., 2021).

The presented results of pathomorphological and clinical 
laboratory studies suggest the probable development of capillary 
dysfunction in early stages of Alzheimer’s disease. The formation of 
capillary dysfunction contributes to chronic ischemic damage of the 
brain matter, which triggers a cascade of biochemical and pathogenic 
reactions, thus, causing neurodegeneration. In health, the cerebral 
capillary network has a high density and quite a complex structure 
with various loops and branches, which allows an optimal trophic 
support of cellular elements of the brain (Erdener and Dalkara, 2019). 
With aging, the efficiency of oxygen delivery to brain tissue decreases 
in addition to the combined effect of vascular risk factors and changes 
in the vascular bed. However, in young and middle age, these 
processes are compensated by sufficient capillary force. In older age, 
against the backdrop of progressive macrovascular changes, a 
reduction in the relative density of the capillary bed and a decrease in 
the number of branches can be observed in some cases, which leads 
to hypoxic–ischemic damage to neurovascular unit structures (Moeini 
et al., 2018). One of the consequences of cerebral tissue ischemia is the 
development of mitochondrial dysfunction with a deficiency of 
macroergic compounds. Along with this, a cascade of reactions known 
as metabolic (slow) excitotoxicity is observed. It is based on the 
removal of the magnesium block of NMDA-type glutamate receptors 
in the context of disruption of ATP-dependent systems. It leads, in 
turn, to the increased Ca++ ion permeation into the cell with 

subsequent activation of intracellular enzyme systems, degeneration 
of neurons, and release of endogenous glutamate (Ong et al., 2013).

Against this backdrop, the induction of oxidative stress is also 
observed, accompanied by the damage of biological molecules, the release 
of arachidonic acid, the formation of thromboxanes, prostaglandins, and 
leukotrienes, and the excessive synthesis of free radicals. Moreover, the 
increased intracellular accumulation of Ca++ ions leads to the stimulation 
of NO synthase activity with the production of nitric oxide, which 
contributes to the disruption of oxidative phosphorylation in 
mitochondria with the release of reactive oxygen species. Both of these 
processes activate lipid peroxidation and cause additional cell damage. In 
addition, oxidative stress triggers the apoptosis process by interfering with 
the modulation of several signaling pathways such as ERK1/2, Nrf2, etc. 
(Nikolenko et al., 2022; Dhapola et al., 2024).

Another important consequence of slow excitotoxicity is the 
development of chronic immune and inflammatory responses, 
described under the term “Inflammaging,” which is accompanied by 
the accumulation of several proinflammatory cytokines such as IL-1, 
IL-6, TNF-α, C-reactive protein, and leukocyte elastase in brain 
matter and blood serum (Cornejo and von Bernhardi, 2016; 
McGuire, 2019).

These processes, exhibiting mutual potentiation, increase the 
likelihood of neurodegeneration due to their ability to increase the 
build-up of pathologic amyloid β protein in the brain. This effect can 
be exerted in three different ways.

The first way consists in the increase in the β-secretase pathway of 
proteolysis of the APP precursor protein. Studies have shown both a 
significant build-up of β-secretase (BACE1) amount and an increase 
in its gene expression in the brain tissues of patients with Alzheimer’s 
disease (Tan and Evin, 2012; Kocki et al., 2015). Currently, several 
variants of such an effect have been described. The regulatory protein 

FIGURE 2

General diagram of impact of capillary dysfunction on neurodegeneration development.
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HIFα, the hypoxia-inducible factor alpha, plays an important role in 
this process. With normal oxygen content, this protein undergoes 
degradation. Its build-up is observed in the case of hypoxia 
development (Novikov and Levchenkova, 2013). The BACE1 gene 
contains a functional region in its promoter that responds to hypoxia. 
By having an effect on it, HIFα contributes to the BACE1 gene 
expression with the subsequent increase in the amyloidogenic pathway 
of APP processing (Sun et al., 2012). Another mechanism is explained 
by the depletion of the transport proteins GGA1 and GGA3 capable 
of binding to ADP-ribosylation factor in ischemia. GGA1 has been 
shown to promote the BACE1 protein transport from endosomes to 
the Golgi apparatus for subsequent elimination. GGA3 is responsible 
for transporting BACE1 into lysosomes for further degradation. 
GGA3 is responsible for transporting BACE1 into lysosomes for 
further degradation. It was found that the observed decrease in the 
contents of both GGA1 and GGA3 in AD correlates with the increase 
in BACE1 and the increased postprocessing proteolysis of the protein 
APP through the amyloidogenic pathway. Overexpression, in 
particular, of the GGA1 protein is, vise versa, accompanied by APP 
cleavage with the formation of non-amyloid soluble fragments (Tan 
and Evin, 2012; Kosicek et al., 2014). Another factor that can trigger 
the relative activity of the β-secretase pathway is the disruption of the 
ubiquitin-mediated system. In health, its function consists in 
proteolysis and degradation of damaged and malfunctioning proteins 
with pathological spatial structures. The proteasome itself is a 
multiprotein complex with proteolytic activity and the ability to cleave 
target proteins into individual peptides. The binding of this protein to 
ubiquitin is essential for the initiation of such an action (Kudriaeva 
and Belogurov, 2019). Along with the cerebral tissue ischemia, there 
is an excessive accumulation of damaged protein molecules binding 
to ubiquitin. This leads to overstimulation of proteasomes and a 
gradual increase in ubiquitinated aggregates containing pathological 
proteins. The reduced proteasomal activity is further provoked by a 
decrease in the amount of ATP formed in brain tissue hypoxia. These 
changes result in the buildup of amyloid β protein (Riederer et al., 
2011; Caldeira et al., 2014).

The second way of the amyloid β protein buildup may be related 
to the dysfunction of the blood-brain barrier (BBB). A number of 
changes are known to accumulate in ischemia such as endothelial 
dystrophy, irregular thickness of basement membranes, swelling of the 
surrounding astrocytic endfeet, and others, which lead to the 
disruption of the BBB function (Østergaard et al., 2013). Impaired 
functioning of transporters is observed against this backdrop, which 
affects the quality of amyloid β elimination into blood serum. Pericyte 
loss, which is observed under reduced capillary blood flow, is also of 
great importance. Pericytes play a significant role in the regulation of 
BBB permeability due to their ability to be involved in the formation 
of tight contacts and stabilize endothelial cells. Their degradation leads 
to a decrease in the amyloid β clearance. In addition, amyloid β 
oligomers alone can damage pericytes and reduce the efficiency of 
capillary blood flow. Thus, a vicious circle is formed, in which 
microcirculation disturbance and amyloid β aggregation mutually 
increase (Madsen et al., 2023).

The third way of increasing the amyloid β content in brain tissues 
is associated to glymphatic system dysfunction. One of its most 
important components are astrocytes, which form a continuous 
sheath around vessels in the brain parenchyma with their endfeet. 
Aquaporin-4 protein was found to be one of the main components of 

these endfeet, covering most of their surface (Nagelhus and Ottersen, 
2013). Morphologically, these are a transmembrane protein complex 
consisting of four homologous subunits, each having a water channel 
inside. The elimination of various substances, including amyloid β, 
into paravenous spaces occurs through this channel. Its active role in 
this process was confirmed experimentally through assessing the 
movement of the amyloid β 1–40 protein in laboratory animals. 
Besides, the aquaporin-4 gene knockout was found to cause a 55% 
decrease in the elimination of amyloid β from the brain matter (Iliff 
et al., 2012). It was shown that, with aging, the glymphatic system’s 
efficiency sharply deteriorates, which leads to a decrease in its ability 
to eliminate substances. Several possible mechanisms for this 
phenomenon are under discussion. With age, against the background 
of hypoxic changes, the thickening of endothelium and an increase in 
its stiffness are observed, which hinders arteriole pulsation and 
reduces the efficiency of cerebrospinal fluid flow through the 
paravascular spaces (Kress et al., 2014). In addition, the developing 
“Inflammaging” process promotes the transition of astrocytes to an 
activated state, which negatively affects the glymphatic system 
functions (Guzman-Martinez et  al., 2019). It was also found that 
during AD development, there is a significant decrease in the amount 
of aquaporin-4 in astrocytic endfeet, with a simultaneous increase in 
those parts of the cell that are not in direct contact with 
microcirculatory bed vessels. Interestingly, these changes are 
registered as early as at the prodromal stage of the disease and 
correlate with the values of such tests as the MMSE and clinical rating 
scale. This may suggest a primary impairment of aquaporin-4 
polarization relative to the impaired clearance of amyloid β protein 
(Simon et al., 2022). However, this matter remains a subject of debate.

Thus, we can state that a large amount of data has been collected to 
date on the significant impact of capillary dysfunction during the onset 
of the neurodegenerative process in AD. Deterioration of blood supply 
at the level of microcirculation triggers a cascade of pathobiochemical 
and pathophysiological reactions, leading to the development of 
hypoxia and chronic ischemic damage to brain tissues. These reactions 
are quite diverse and can have a pathological effect on various 
components and mutually potentiate each other. The general pattern of 
the impact of capillary dysfunction on the neurodegeneration 
development is shown in Figure 2. It should also be noted that a number 
of studies provide evidence of the primacy of microcirculatory changes 
relative to such significant components of AD pathogenesis as the 
accumulation and aggregation of the amyloid β protein. However, 
additional studies are required to confirm this statement, which will 
help to reliably determine the role of capillary dysfunction in the AD 
pathogenesis. Studying the microcirculation features will certainly 
extend our knowledge of the pathogenesis of both AD and 
neurodegeneration in general and will ultimately contribute to the 
improvement of patient management strategies in this cohort.

Conclusion

Currently, a large amount of data has been accumulated that goes 
beyond the amyloid theory of the pathogenesis of Alzheimer’s disease. 
Some of them indicate a possible active role in this process of capillary 
insufficiency. The available information indicates the presence of 
similar changes in the microcirculatory bed during the 
pathomorphological study of brain tissues in laboratory animals with 

https://doi.org/10.3389/fnagi.2024.1458455
https://www.frontiersin.org/journals/aging-neuroscience


Vorobev et al. 10.3389/fnagi.2024.1458455

Frontiers in Aging Neuroscience 06 frontiersin.org

simulated Alzheimer’s disease and during histological examination of 
samples obtained from samples of the hippocampus and other 
departments of patients who suffered from this disease during their 
lifetime. Similar changes were recorded in the postprocessing analysis 
of data obtained using special MR methods. Clarifying the effect of 
capillary insufficiency on the formation of Alzheimer’s disease will 
contribute to improving our understanding of its pathogenesis.
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