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Abstract

The incidence of neurodegenerative diseases is increasing exponentially, with Alzheimer's disease (AD) being a
notorious example. AD is a progressive, aging-related, multifactorial disease, and no uniform theory exists
regarding its etiology. One hypothesis implicates defects in the organism’s mechanosensing and
mechanotransduction mechanisms. The deleterious effects of mechanical stress in neurodegeneration have been
proven through multiple studies and observations, but the pathways linking mechanical inputs to disease
progression remain unclear. It has been proposed that the nervous tissue primarily responds to mechanical stress
sources through astrocytes and microglia, with the activation of Piezol and TRPV4 ion channels. An area of current
research is examining the theory that mechanotransduction might be involved in elevated oxidative stress and
dysregulated apoptotic pathways. We have summarized the current understanding of the apoptotic pathways
related to AD. Our review has indicated that the relationship between the crucial mechanosensing Hippo pathway
(MST1 in humans) and TRPV4 and KCNN4 is worth following up in future studies. We noted that G3BP1 and
G3BP2 in FInA-mediated mechanosensing are linked to ceramide production, along with their interaction with the
stress granules - a key element for the onset of apoptosis, which are assembled, among others, in response to
oxidative stress. This review sheds light on how the response to mechanical input disrupts apoptotic pathways and
what the implications in AD progression and also identifies potential targets for future research focus.

Keywords: Mechanosensitive apoptosis, microglia, Alzheimer's disease, oxidative stress

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

m www.oaepublish.com/and



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/and
https://orcid.org/0009-0002-6884-0797
https://orcid.org/0000-0003-1049-9127
https://orcid.org/0000-0001-9407-2256
https://dx.doi.org/10.20517/and.2025.02
http://crossmark.crossref.org/dialog/?doi=10.20517/and.2025.02&domain=pdf

Page 2 of 20 Sapozhnikov et al. Ageing Neur Dis. 2025;5:8 | https://dx.doi.org/10.20517/and.2025.02

INTRODUCTION

Alzheimer’s disease (AD) is the curse of the age group of 65 and above, as scientists predict a dementia-
related pandemic. As of 2024, an estimated 6.9 million people in the United States alone are living with AD,
making it the sth leading cause of death". AD affects populations worldwide, imposing substantial social
and financial burdens”. AD symptoms typically manifest long after the onset of the underlying
pathology", which is why early diagnosis remains a major focus of current research efforts'*.

AD belongs to a group of diseases originating from abnormal protein aggregates, and current perspectives
on AD highlight two primary culprits: -amyloid plaques outside neuron bodies and hyperphosphorylated
tau within them"’. While the presence and pathological significance of both are well established, ongoing
debates center on which is the primary factor and how they interact with each other'.

The etiology of AD appears to be multifactorial. Recent discoveries suggest a genetic component to its
heritability"”, while others advocate the role of inflammation triggered by infectious agents™ and alterations
in gut microbiota. The underlying factors lead to excessive inflammation, oxidative stress, DNA damage,
synaptic loss, and neuronal apoptosis'®*?. Additionally, emerging evidence points to aberrant
mechanosensitive apoptosis (MSA) as a potential contributing mechanism™. A summary of the gist
findings reviewed is offered in Table 1.

AD AND MECHANICAL FORCES

Research has increasingly focused on how AD affects the mechanical properties of brain tissue, such as
stiffness and viscoelasticity, which may play a role in disease progression. A study utilized MRE to quantify
the mechanical properties of the cerebral cortex in vivo, comparing AD patients with cognitively healthy
older adults"*. It found altered viscoelastic properties in AD patients, including increased brain stiffness,
perhaps linked to neuronal loss and atrophy. These mechanical changes might contribute to the structural
and functional deficits observed in AD, offering a new perspective on disease mechanisms.

Feigin et al. proposed that cumulative mechanical stress within brain tissues may co-drive brain atrophy in
AD". Using numerical modeling and data from existing publications, they estimated intracranial pressure
equivalents of 5.92 mmHg in AD patients, compared to 3.43 mmHg in normal aging, and concluded that
mechanical stress, possibly impacted by dampened arterial pulse waves, may promote pathological brain
aging. Thus, changes in the brain’s mechanical environment in AD might affect both glial and neuronal
health, though the exact causal relationships require further investigation.

Beyond pathophysiology, mechanical forces may also have therapeutic implications. Clinical studies have
examined mechanical interventions such as whole-body vibration (WBV), transcranial ultrasound
stimulation (TUSS), and auditory stimulation (AS), particularly in terms of their effects on cognitive
function and AD pathology. A systematic review by Monteiro et al., which analyzed 37 papers, focused on
all three modalities"*’. WBV studies reported improvements in balance and functional mobility, with some
evidence of cognitive benefits, particularly at frequencies around 30 Hz, although the longer-term effects
and optimal treatment protocols remain obscure. TUSS studies"” demonstrated that MR-guided focused
ultrasound can safely open the blood-brain barrier in AD patients, potentially enhancing drug delivery or
amyloid-beta clearance. Rezai et al. reported reduced amyloid-beta levels in the hippocampus following
noninvasive blood-brain barrier opening, hinting at a therapeutic role for ultrasound"®. However, findings
regarding cognitive outcomes are mixed, with some studies showing enhanced memory networks, while
others found no significant changes in amyloid-beta levels.
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Table 1. Summary of mechanosensitive properties of nervous system cells

Cell type Summary

Astrocytes Linked to heart and metabolism through mechanosensing. Proliferate in stiff environments and increase the
stiffness of glial cells. In optic nerves, mechanical stimulation activates Piezo1 signaling, potentially mediated
by oxidative stress. Perform phagocytic functions by clearing cellular debris (dead cells, etc.). Piezol
reduction in astrocytes decreases brain and neuronal volume, impairing brain function, while Piezol
activation has the opposite effect. Die in epileptic seizures as a result of inflammasome cascade

%2

Created in BioRender. S, G. (2025)
https://BioRender.com/ab7uib8

Microglia Key mechanosensitive cells involved in inflammation, where the Hippo pathway plays a protective role.
Upon sensing stiff amyloid-f aggregates, microglia become activated, enabling clearance but also causing
inflammation and neuron damage. They also respond to concussive trauma in the long term and to
ultrasound stimulation with increased apoptosis. Mechanical input elevates inflammasome activity via
TRPV4, and TRPV4 agonists can reduce neuronal damage

X

Created in BioRender. S, G. (2025)
https://BioRender.com/ab7uib8

Neurons TRPV4 mediates Ca influx to neurons through protein kinase. During epileptic seizures, this results in
abnormal apoptosis, while TRPV4 blockade can alleviate neuronal injury through Nf-kB. TRPV4 activation
also increases nNOS levels, leading to neurotoxicity. Neuronal stiffness is enhanced by tau protein. Piezol
signaling also plays a role in stem cell differentiation into neurons vs. astrocytes

%

Created in BioRender. S, G. (2025)
https://BioRender.com/ab7uib8

Oligodendrocytes Mechanosensing modulates the myelination capacity of oligodendrocytes

¥

Created in BioRender. S, G. (2025)
https://BioRender.com/ab7uib8

Schwann cells The mechanical rigidity of the extracellular matrix affects Schwann cell transcription

Created in BioRender. S, G. (2025)
https://BioRender.com/ab7uib8

nNOS: Neuronal nitric oxide synthase.
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Mechanical stress in biological tissue is the deformation of tissue due to physical interaction with stress
factors. Increased levels of mechanical stress contribute to the development of neurodegenerative diseases,
including AD"™. The deleterious stress can originate both externally and internally. For example, the
aggregation of amyloid plaques, a typical AD hallmark feature, has been observed in the brains of
individuals following significant brain injuries. Under similar conditions, the concentrations of soluble
amyloid beta (AB, amyloid-p) in the cortex have been found to increase”. Additionally, the clearance and
metabolism of amyloid were disturbed in an organism that suffered cranial injury”. Similar correlations
have been observed with the levels of © (tau), another typical AD factor'””. Comparable results were also
observed in laboratory experiments modeling various types of brain injuries, such as focal injury in mice®
or fluid percussion in rats"*.

FACTORS OF MECHANICAL STRESS

External factors contributing to mechanical stress include various injuries, whether singular or occurring
repeatedly. Approximately 30% of traumatic brain injury (TBI) cases exhibit a typical AD symptom -
amyloid plaques™. These injuries cause hypoxia, a shift in the balance of pro- and anti-apoptotic processes,
and inflammation, among others. Moderate TBI is prominent among professional sportsmen with frequent
head traumas””. Moderate chronic TBIs lead to effects similar to those observed in AD"®. Growing
evidence suggests that chronic TBI can lead to AD, primarily mediated by chronic traumatic
encephalopathy™ - football players, who often suffer from encephalopathy, are five times more likely to
develop AD". Several publications have highlighted the link between encephalopathy and AD"",
suggesting that they may represent different stages of the same disease.

Internal factors, on the other hand, are more diverse and often less obvious. Internal stress includes the
leakage of fluids from blood vessels into surrounding brain tissue and vascular injury, both of which are also
features of AD". The abnormal accumulation of fluids imposes a mechanical burden on surrounding brain
tissues. According to Wostyn et al., mechanical stress within the brain can lead to AD-like symptoms".
The accumulation of tau and amyloid aggregates exerts mechanical pressure within the brain"’, and
intriguingly, elevated mechanical stress increases the concentrations of amyloid-g, 1, and o synucleins®".
Prevost et al. demonstrate that nearly any abnormal mechanical force within the brain is detrimental and

damages the brain tissue™. Therefore, treatments aimed at alleviating mechanical stress could be beneficial.

RESPONSE TO MECHANICAL STRESS

Mechanosensing refers to the ability of cells or tissues to detect and respond to mechanical stress.
Mechanotransduction is the process by which mechanical stimuli are converted into biological signals.
These two phenomena are tightly related, and the review explores their relationship.

Virtually every cell type in the brain responds to the mechanical input in some form, including glial cells""

38]

and neurons™. The myelination capacity of oligodendrocytes is affected by mechanosensing™, while
astrocytes’ mechanosensitivity is linked to cardiac rhythm and metabolism". Even in the peripheral
nervous system, Schwann cell transcription is modulated by the mechanical rigidity of the extracellular

matrix.

Hlavac and VandeVord found that astrocytes react to mechanical cues in multiple ways"*'!. For instance,
astrocytes proliferate more in a stiffer medium and increase tissue stiffness around glial scars"”. During
inflammation, Piezo1 expression in astrocytes rises'*”, and their mechanosensing capability may play a key
role in many therapeutic approaches“. Additionally, changes in myelination were observed before a
delayed astrocyte response, with Piezo1 being involved in ATP release'”. Furthermore, mechanosensing in
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astrocytes influences hippocampal structure and neurogenesis, ultimately affecting cognition and higher
brain functions. In optic nerve experiments, astrocytes responded to mechanical input through Piezo1
activation®, which has been implicated in glaucoma as a damaging factor'””. The key mechanosensing cell
type in the brain is microglia*’. Key components involved in the organism’s response to mechanical input
include potassium channel family members (e.g., K TREK)™), the highly calcium-selective TRPV family of
transient receptor potential cation channels”, and the pore-forming subunit of the mechanosensitive
calcium channel Piezo1"". Neumann et al. found that concussive traumas activate microglia, with activation
persisting even after complete recovery, which may correlate with the relationship between TBI and AD"™?.
Microglial activity is also induced by increased arterial stiffness - a typical sign of amyloid deposition in
AD"™. Amyloid-B increases the stiffness of the tissues it contacts. However, research has shown that the
brain as a whole is less stiff by AD than a healthy brain**. In that research, the brain stiffness was estimated
using PIB - amyloid ligand. The authors noted that among cognitively normal controls, stiffness was the
same in PIB-positives and -negatives. Therefore, amyloid alone is not sufficient to alter the stiffness of the
organ. The overall surge in stiffness might be the effect of cytoarchitectural wreckage, which has a closer
link to tau.

Hemonnot et al. discuss recent views on microglia’s role in AD™. They emphasized the involvement of the
NLRP3 inflammasome complex, specifically the interaction with the apoptosis-associated Speck-like (ASC)
adaptor. Although KCNN4 was proposed as a therapeutic target for AD more than a decade ago™, a recent
work by Ran et al. showed that PIEZO-mediated mechanosensation triggers KCNN4-dependent potassium
efflux, leading to NLRP3 inflammasome activation and subsequential pyroptosis’®”. While apoptosis has
long been considered a form of non-inflammatory cell death, pyroptosis is distinctly proinflammatory,
characterized by the release of proinflammatory cytokines and cellular content. In microglia, the link
between these processes is facilitated by lysophosphatidylcholine, which initiates NLRP3- and NLRC4-
dependent inflammasome activation™. Furthermore, NLRC4 is an actor in both apoptosis and pyroptosis
in microglia following ischemic stroke, by promoting the release of inflammasome elements™ [Figure 1].

APOPTOSIS PATHWAYS

The recent developments related to Piezo1’s role in pathologies have been exhaustively covered by Lai
et al.™!. Piezo1 is widely expressed in various tissues, from blood to microglia, and is sensitive to mechanical
cues from both inside and outside of the cell. It takes part in immune response and can affect gene
transcription and morphological changes downstream. Ran linked the assembly of pro-apoptotic NLRP3
inflammasomes to the cell’s response to mechanical cues through pathways involving shear stress and
stiffness sensing of Piezo1®". Furthermore, the involvement of Piezo1 pathways extends to KCNN4, a
potassium-mediated calcium signaling channel essential for caspase cascade activation”. NLRP3
inflammasome contains components (including caspase-1) that trigger apoptosis and/or pyroptosis and has
long been associated with AD'*”. Kabigting and Toyama concluded that Yes-associated protein (YAP) might
mediate a cell’s response to mechanical stimuli by modulating caspase-3 expression under different
mechanical conditions (e.g., medium rigidity or induced mechanical stress, stretching, compression)'*’.

In AD, microglia are responsible for phagocytosing amyloid-p plaques'*’. Keren-Shaul et al. described a
distinct microglia subtype - disease-associated microglia (DAM) - which played an important role in
mitigating AD"*".. On the other hand, the same microglia can exert a proinflammatory effect depending on
various factors, such as the nature of the stimulus, its strength, and persistence®. Yin et al. claim that such
microglia can be the principal source of neuroinflammation in AD'”.
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Figure 1. In microglia, the mechanosensitive PIEZO1 channel responds to stiffness and shear stress by activating, leading to calcium
influx. This influx causes membrane hyperpolarization and potassium efflux through KCNN4, promoting inflammasome activation.
Created in BioRender. S, G. (2025) https://BioRender.com/9b94330.

Transient receptor potential cation channel subfamily V member 2 (TRPV2) belongs to the TRP channel
family, which facilitates transmembrane communication through ion transport and responds to stimuli
such as high temperatures, osmotic changes, and mechanical forces'*”. Inhibition of TRPV2 has been shown
to reduce cognitive impairments associated with amyloid pathology'®'. Enrich-Bengoa et al. reported that
TRPV2 is broadly expressed in microglia cell bodies, and its expression was reduced with anti-inflammatory
treatment!””

Microglia respond to changes in mechanical stiffness via Piezo1 channels"™, to relieve the burden of
amyloid plaques”™ - a property that fatty acids can hinder'”. Although Piezo1 mediates microglial responses
to mechanical stimuli, intriguingly, the lower the level of Piezo1 in microglia, the more motile microglia are
toward amyloid plaques. Zhu et al. found that Piezo1-deficient amoeboid microglia are the ones that
ultimately encircle amyloid plaques”™, despite earlier findings by Bouvier et al, which showed that
microglia upregulate Piezo1 in response to amyloid plaques”. This apparent paradox may be explained by
the involvement of alternative pathways regulating microglial migration, such as KCNN4". Furthermore,
Liu et al. advocate that frequent or excessive activation of Piezol may itself induce inflammation"”),
contributing to a vicious cycle of pathological progression”.

OXIDATIVE STRESS IN MECHANOSENSING

The permanent and accumulating presence of foreign bodies, such as amyloid-B plaques, within the brain
tissue exerts prolonged mechanical stress, evokes a deleterious inflammatory response, leads to oxidative
stress, and thus provokes further aggregation of various proteins””, including amyloid-B. Increased
oxidative stress has been identified as an important feature in both TBI and AD"™, which further suggests a
hidden link between the two. Oxidative stress can, directly and indirectly, modulate the activity of
mechanosensitive channels, influencing their gating properties and downstream signaling. It damages
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cellular components, including lipids, proteins, and DNA, and is implicated in neuronal death and
dysfunction. Oxidative stress is also one of the key factors for artery stiffening”®’, which is one of the
principal sources of mechanical stress observed in AD pathology. Increased oxidative stress is observed in
AD and leads to the formation of the NLRP3 inflammasome'®/, which subsequently triggers apoptosis and
also interacts with mechanosensing pathways. TRPV4 activation by Ap in hippocampal cells can increase
calcium influx, leading to more oxidative stress and cell death, worsening AD"™. Activation of TRPV4
enhances oxidative stress by inhibiting antioxidant enzymes such as catalase (CAT) and glutathione
peroxidase (GSH-Px) and increasing neuronal nitric oxide synthase (nNOS), leading to neurotoxicity".
TRPV4’s role in astrocytic calcium signaling suggests it may disrupt glial support functions under oxidative
stress, while Piezo1’s role in microglial mechanosensitivity could alter their response to Ap, potentially
leading to a proinflammatory state exacerbated by reactive oxygen species (ROS). This suggests that in AD,
TRPV4 activity may be amplified. A study on endothelial cells under high glucose conditions also found
that Piezo1 activation with the agonist Yoda1 significantly increased intracellular ROS levels'®. Finally,
mechanosensitive Piezo1 expression is upregulated with age and in AD, provoked by amyloid-p plaques®
and mediates the reduction of the oxidative stress effect and biological aging in intervertebral discs. Wang et
al. observed that an increase in the elasticity modulus of the extracellular matrix led to enhanced Piezo1
expression, accompanied by apoptosis and cellular senescence'”. This caused calcium influx and,
consequently, the surge of reactive oxygen species. They also observed that the expression of GRP78 and
CHOP is also upregulated. They reinforced these results with experiments on rats, where silencing or

completely deactivating Piezo1 reduced the elasticity modulus and rescued tissues.

MECHANICAL STRESS AND NERVOUS TISSUE

The consequence of mechanical force includes the activation of several related pathways such as
p38/MAPK"™, caspases™, the proinflammatory response of microglia®’, and higher levels of oxidative
stress, eventually increasing the likelihood of apoptosis®. Hsieh et al. triggered cancer cell self-destruction
via epigenetic p38/MAPK modifications"”. The action of these pathways is not limited to apoptosis; PI3K
(microglia tool for neuroinflammation moderation®') and apoptosis-related Erk 1/2 MAPK pathways are
also launched through mechanosensing. Tissue and force types determine the balance of these pathways,
resulting in a spectrum of results”’. Piezo1 is a key player in an organism’s response to mechanical input,
functioning not in a simple binary manner, but as an indicator of the organism’s efforts to restore
homeostasis. For example, in the brain and other neuronal tissues, astrocytes and microglia carry out
phagocytosis to clean garbage", including amyloid-p and dead neurons. Piezo1 removal in astrocytes
reduced the hippocampal volume and overall brain mass, cutting the production of neurons, which affected
cognition and mental function in the long term, while increased expression of Piezo1 significantly enhanced
these functions®. In neurons, there is a group of publications that connect Piezo1 to apoptosis. In an
experiment with oxygen-glucose mediated apoptosis, activation of Piezo1 increases calcium influx, while its
inhibition decreases it"””. Calpain activation, which is part of the apoptosis pathway, follows intracellular
calcium fluctuations, suggesting a link between the Piezo1 mechanosensitivity pathway and apoptosis. Gain-
of-function mutations in TRPV4 can decrease calpain activity while increasing adhesion®. The experiment
showed TRPV4 was expressed in microglia in response to mechanical stimulation with ultrasound, and this
boosted apoptosis rates, while TRPV4 blockage protected against it®”. Thus, Piezo1 is not the only
determinant of the final effect of calcium role; the eventual health or pathology of the entire organism is a
multifaceted problem.

Microglial apoptosis induced by ROS bears similarity to cell death due to mechanosensitivity in other cell
types such as endothelial and muscle cells"* and lung tissue, and is related to the oxidative stress
response in microglia.
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KEY MOLECULES IN THE MECHANOSENSITIVE PATHWAY

Amyloid-p plaques are stiffer than the brain tissue"”. What is worse, the smaller the amyloid-p aggregates,
the stiffer they are*. This could mean that in the early stages of AD, the higher number of dispersed
plaques is more “unsettling” for the brain. The rigidity of tau, on the other hand, is modulated by the strain
rate"*” and phosphorylation"*. Due to their different cellular localization, tau can increase the stiffness of
neuronal cells"””, while amyloid-B increases the membrane stiffness"*”. So, amyloid-p increases the stiffness,
but the stiffness in turn exacerbates the amyloid-p burden. In AD, the brain stiffens unevenly, with higher

rates of stiffening in the frontal, parietal, and temporal lobes"*. Tau can also stiffen the blood vessels,

110]

impairing blood flow!

Transient receptor potential vanilloid type 4 (TRPV4) is a mechanosensitivity-related ion channel. TRPV4
not only regulates microglia activity!""", but also functions as a differential sensor in the retina to mechanical
input"?. Blocking TRPV4 reduces oxidative stress"”. TRPV4 activation can be changed with
phosphorylation"'). TRPV4 activation/silencing with siRNA/agonist demonstrated the drop/increase in
cholesterol levels, while dampening the ABCA1 transporter, responsible for cholesterol flow, resulting in
cholesterol not exiting the cell and a lift of tau protein phosphorylation"'”. TRPV4 activation leads to
calcium flow into the cell. Calcium binds to calmodulin, activating NO synthase, which generates nitric
oxide and leads to vasodilation. Amyloid-p stiffens arteries and interferes with vasodilation, which might be
mediated with TRPV4"'*. Vasodilation can lead to reduced blood pressure in sectors of the blood system,
which induces ischemia'”, resulting in blood vessel degeneration"'* and subsequent liquid accumulation in
the brain with associated mechanical pressure, typical of AD"*.. This means TRPV4-related dysfunction can
be at least partially responsible for these unfavorable consequences. Stiffness activates TRPV2 channels and
impacts apoptosis'*”, intimately related to the aforementioned TRPV4!"*. TRPV4, Piezo1, and KCNN4 are
all ion channels sensitive to mechanical cues. Richardson raises the question of why the body needs several

[117]

pathways, and demonstrates that they might serve complementary functions: Piezo1 responds to both cell
compression and membrane stretch, while TRPV4 is activated only by deflections"*”..

ION CHANNELS ROLES

Piezo1 is triggered by alterations in membrane tension"*”\. Its sensitivity can be modulated by the ambient
substrate of the cell™*. Additionally, Piezo1 transduces mechanosensitivity signals that can determine the
fate of stem cells to become either neurons or astrocytes"”. Moreover, Piezo1 can respond to the cell’s
internal mechanical stimuli, migrating along the plasma membrane to accumulate near force sources and
forming localized calcium microdomains!"**.

KCNN4 is a calcium-activated potassium channel that is coupled, among others"””, to TRPV4 and,
potentially, Piezo1. TRPV2 and TRPV4 regulate microglia function"*”, with a potential to reduce the
microglia inflammation. While microglia can help clear amyloid-B, it can also damage neurons when
activated. Under hypothermic conditions, this unfavorable property of microglia was hindered, along with
proinflammatory cytokines. Treated with both TRPV4 agonist and antagonist, microglia demonstrated
corresponding reduction and increase in neuronal damage caused. Thus, Fukuda et al. identified a crucial
role for the TRPV4-AMPK-NF-«B pathway (where NF-xB, which normally induces apoptosis, is
phosphorylated via the AMPK hypothermia-regulating pathway)"*. Previously, hypothermic conditions,
i.e., low-temperature treatment, were shown to protect from loss of synapses in neurodegenerative diseases
(AD included) and, thus, against pathological symptoms, through boosted activation of RMB3!"*"\.
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MSA

MSA is a phenomenon observed across multiple tissues and is particularly significant given the conserved
nature of apoptosis across different cell types™'. Calpains, which are involved in numerous cellular
processes, play a role in MSA. In vascular muscle cells, MSA is associated with elevated p53 protein

[132

expression and can be moderated by calpain activity"*”. However, age-related changes, particularly those
involving oxidative stress, disrupt normal regulation, causing excessive calpain activation, which renders
calpains pro-apoptotic contributors in AD"*. In epithelium tissues, mechanical forces activate the RhoA
signaling pathway, which triggers apical cell extrusion (a process functionally analogous to “apoptosis” in
epithelial cells)™**. This extrusion is regulated by Piezo1 channels"*. Inhibition of Piezo1, either through
genetic knockdown or pharmacological blockade using gadolinium, impairs cell extrusion and leads to

excessive accumulation of epithelium cells.

In endothelium cells, mechanotransduction activates apoptotic and inflammatory signaling pathways,
resulting in atherosclerosis. This process occurs in the arteries where blood flow becomes non-laminar, such
as at bends or bifurcations, leading to the activation of pro-apoptotic signaling through various pathways. In
contrast, laminar flow promotes the expression of anti-inflammatory genes"*. Kawaue et al. conducted
experiments on kidney cells and found that mechanotransduction is not a mere “on/off switch” for
apoptosis'”’. Instead, the apoptosis rate varies proportionately with changes in mechanical stress. This
process is mediated by YAP, which interacts with CDKe signaling and has been implicated in preventing
cognitive decline in AD"*". Reduced YAP levels - sequestered by cytoplasmic amyloid-p plaques - have been
associated with increased necrosis in AD and may play a role in necrosis processes'*. YAP serves as a
convergence point for the TRPV4 and Hippo pathways through membrane mechanosensing

[140

mechanisms"*. TRPV4 mediates calcium influx, which, when excessive, elevates apoptosis rates beyond
healthy levels. This phenomenon has been observed in cortical neurons during epileptic seizures"*], where
calcium influx is regulated by protein kinase C (PKC) signaling cascades. Epileptic seizures are common in
AD patients"*” and have been linked to mechanosensitive ion channels and oxidative stress'*. Many types
of epileptic seizures are accompanied by elevated blood pressure!*!, which might act as a mechanical
stimulus activating the brain’s mechanosensing pathways in AD. The PKC cascade also activates calpain
and caspases; in the hippocampus, astrocyte and microglia death during induced epileptic seizures is
mediated by the NLRP3 inflammasome and/or TNF-a release"*. In a murine epilepsy model, TRPV4

inhibition alleviated hippocampal neuronal injury and inflammation by modulating Nf-«B signaling"*".

In AD, pathologic tau mainly aggregates intracellularly (as opposed to amyloid-p, which accumulates in the
intercellular space). Caspase-3 has been shown to cleave tau"*”, promoting its co-localization in the corpus
callosum and contributing to neurodegeneration*”. Donnaloja et al. compiled evidence linking tau to
mechanotransduction pathways"*. When tau aggregates into tangles within cells, it might interfere with
transduction pathways, leading to cognitive impairment. Their findings suggest that tau undergoes
hyperphosphorylation in response to nuclear blebbing and invaginations, events driven by lamin A - a
component involved in extracellular matrix-related mechanotransduction. Niethammer reviewed how
calcium signaling is disrupted by nuclear stiffening: activation of the mechanosensitive channel Piezo1, in
response to mechanical stretch, is influenced by lamin A-mediated nuclear stiffness, which in turn enhances
intracellular calcium release"*. Lomakin et al. demonstrated that the nuclear envelope and its stress-sensing
proteins regulate cellular deformability”*". When mechanical stress exceeds a critical threshold, the nuclear
envelope initiates calcium release. Calcium ions then modulate nuclear deformation, softening, and the
cell’s adaptive response to mechanical stress"*. Given that tau stiffening due to phosphorylation is well
established""”, it is plausible that phosphorylated tau contributes to Piezo1-mediated nuclear signaling,
potentially acting as a mechanosensitive trigger of apoptosis in AD. Moreover, even extracellular tau
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appears to affect nuclear integrity. Sun et al. showed that exposure to extracellular tau can induce nuclear
invaginations'*”.

CERAMIDES AND APOPTOSIS

Ceramides are pro-apoptotic molecules"*. When stimulated by oxidative stress in AD, ceramides promote
apoptosis and contribute to the production of amyloid-p"*?. Ceramides also modulate the MAPK signaling
pathway"* and reduce Bcl-2 levels, which is typically an anti-apoptotic protein under normal
conditions"””. Interestingly, Bcl-2 itself regulates ceramide levels"*. Integrins and adhesion proteins
respond to mechanical forces within the organism"*, with TRPV4 playing a key role in integrin
activation"*. In the hippocampus, TRPV4 activates apoptosis through the silencing of the PI3K/Akt

162]

pathway (related to oxidative stress"*") and by promoting p38/MAPK activation*.

158

Sphingomyelinases, which are abundant in nervous tissue, play a crucial role in ceramide production and
are implicated in many neurological disorders"®. These enzymes can deactivate Piezo1l channel
suppression"*”, thereby enabling prolonged activation and increasing sensitivity to mechanical force.
Although primarily studied in the endothelium, this mechanism may also apply to other tissues. Piezo1l
activity is inhibited by SMPD3 sphingomyelinase in response to pressure. The lipids resulting from
sphingomyelinase activity form an environment conducive to the fast inactivation of Piezo1, enhancing its

165]

ability to sense mechanical input in the endothelium!

Current research on mechanosensing and ceramides is primarily limited to endothelial cells, where cyclic
mechanical stress has been shown to directly trigger ceramide production"*. The mechanosensing-
mediated production of ceramide involves membrane caveolae!™”, which are formed in the presence of
| Initially, the function of caveolae was thought to be restricted to endothelium and adipose
%l and can even
alter the morphology of microglia"™. Caveolin-1 exhibits both pro- and anti-apoptotic traits"”"), and its
expression is increased in AD"”?. Caveolins seem to be associated with mental disorders induced by
oxidative stress"”” and studies have demonstrated that they respond to ROS levels"”!. Thus, caveolins may

168

caveolin!
tissues. However, recent research has indicated that they also play a role in nervous tissue!

171]

172

serve as a connection between mechanosensing, oxidative stress, and ceramides [Figure 2].

HIPPO PATHWAY AND MECHANOSENSING

Researchers have explored the role of the Hippo pathway - primarily responsible for regulating cell
proliferation and controlling organ growth - in AD and aberrant apoptosis"”. The Hippo pathway acts in
microglia cells, helping to mitigate inflammation caused by amyloid-""*. A human homolog of Hippo,
macrophage-stimulating protein MST1, has been shown to decrease neuronal apoptosis"”” when
suppressed, potentially through the involvement of oxidative stress"’. Some studies"” suggest that the
activity of the Hippo pathway does not correlate with caspase levels, indicating the presence of multiple

176

[178

mechanisms driving apoptosis.

In the blood system, discoidin domain receptor 1 (DDR1) mediates YAP activation in response to both
mechanical and chemical stimuli. DDR1 also regulates LATS1 phosphorylation in a liquid-liquid phase
separation-dependent manner*. As a result, DDR1 antagonizes the Hippo pathway and contributes to
arterial stiffening. The LATS1/YAP interaction has been shown to reduce neuronal apoptosis in rats"*’.
BIN1 is an intrinsically disordered protein (IDP)"**.. Moreover, BIN1 binds to tau protein through its SH3
domain, which likely prevents tau aggregation. The endocytosis of extracellular tau and the membrane-
bound proteins BACE and amyloid-p are significant contributors to AD, and BIN1 is involved in these
processes'. Specifically, AD is characterized by a decreased expression of the neuronal isoform of BIN1
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Figure 2. Ceramides interact with the MAPK pathway, which is associated with apoptosis. They also partake in amyloid formation.
Ceramides are generated in response to mechanical stress through the mediation of caveolae and sphingomyelinase. The formation of
caveolae under mechanical stress may be mediated by oxidative stress. Created in BioRender. S, G. (2025) https://BioRender.com/
ab7uib8.

183]

compared to its ubiquitous isoform!

BIN1, which is strongly implicated in AD"*, is a member of the BAR domain family, known for its ability
to sense membrane curvature!™. Consequently, BIN1 also plays a role in mediating mechanical responses
at the cellular level. Through its BAR domains, BIN1 influences the function of actin filaments"*'.

Associated proteins can increase the concentration of G-actin, which, in turn, triggers polymerization"*".

This process leads to the conversion of G-actin into F-actin"*”. F-actin has been shown to exhibit inverse
co-localization with stress granules (SG), effectively avoiding them"*). Therefore, it is hypothesized that SG
are more abundant in regions with low F-actin levels. This hypothesis is partially proven with experiments
on fibroblasts, where apoptosis was induced by mechanical force via Piezo1 activation and destruction of
the actin cytoskeleton"*". In dendritic spines, amyloid-p was observed to mediate the de-polymerization of
F-actin back to G-actin”’.SG contain DDX3X, which triggers the activation of the NLRP3
inflammasome"*?. The role of the Hippo pathway is summarized in Figure 3.

CERAMIDES IN MECHANOSENSING

G3BP1 and G3BP2 are widely implicated in neurodegeneration"*”. These paralogous proteins participate in
the formation of SG". In cancer, G3BP1 is associated with mRNA partitioning, which refers to the
breakdown of specific transcripts into polysomes - ribosomes with mRNA molecules attached. It responds
to oxidative stress by transcribing mRNAs related to protein complexes that later form the SG"*. Feng et al.
showed that G3BP2 has a lower mechanobinding capacity with filamin A (FInA) compared to G3BP1!"*.
Gottlieb hypothesized that FInA might reduce stress, thereby dampening Piezo1 channel sensitivity to
mechanical stress, as evidenced by significantly increased Piezo1 activity in FInA knockout models"*”.
Salvador homolog 1 (SAV1), a component of the Hippo pathway, interacts with FInA in response to
mechanical force. This interaction increases apoptosis in the murine liver!*.

Wei et al. reported that G3BP2 is part of a signaling pathway connected to TWIST1"*). In mice with
TWIST1-induced craniosynostosis, intracranial pressure was significantly elevated®, providing evidence of
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Figure 3. The Hippo pathway in humans begins with MST1. Downstream of MST1 is LATST1, which interacts with YAP to reduce
apoptosis. LATST1is also linked to SAV1, which interacts with FInA in response to mechanical force. FInA might alter Piezo1 sensitivity
and, consequently, mechanical input, thereby reducing apoptosis. This appears to form a feedback loop with SAV1, which is sensitive to
mechanical force, as previously mentioned. Created in BioRender. S, G. (2025) https://BioRender.com/ab7uib8. YAP: Yes-associated
protein; SAV1: salvador homolog 1; FInA: filamin A.

its engagement in organic mechanosensitivity. Yang et al. found a similar effect with G3BP2 and G3BP,
whereby SG assemble in G3BP1-knockout cells with RNA-recognition motifs of hnRNPA1 and
hnRNPA2B1, suggesting a compensatory mechanism™"'. This finding is crucial for further investigation, as
TWIST1 can regulate gene silencing, at least in lung cancer cells*”” and may serve as another regulatory
switch linking TWIST1 to mechanosensing capacity, similar to MAG.

CONCLUSION

This review summarizes current perspectives on the role of mechanosensing in the progression of amyloid-
B-associated pathologies, with a particular focus on AD. Growing attention has been directed toward
understanding how tissue mechanosensing contributes both to the damage caused by AD and to protective
mechanisms. Theoretical studies have provided compelling evidence that mechanosensing - primarily
mediated by the Piezo1 channel - may be a key factor in AD pathology. Moreover, this mechanosensitive
property could function as a regulatory switch, enabling the organism to recuperate to varying degrees.
However, the full mechanistic pathway remains largely unexplored experimentally. One possible reason for
this is the challenge of applying long-term mechanical stimulation to nervous tissue while monitoring
outcomes. Among the pathways involved, the Hippo pathway stands out for its dual role in apoptosis and
mechanotransduction. In this review, we have also highlighted several other genes that appear
underrepresented in the literature on mechanosensing. We further attempted to construct a coherent
theoretical framework connecting mechanosensing, oxidative stress, and apoptosis in the context of AD.

To deepen the understanding, it is crucial to dissect the cell-specific mechanisms of mechanosensing, with a
focus on AD, and the interactions between different cell types. Longitudinal studies employing techniques
such as magnetic resonance elastography are essential for tracking dynamic changes in brain tissue stiffness
and viscoelasticity over time, and for correlating these changes with cognitive decline and pathological
markers. Additionally, the role of the extracellular matrix in AD-related mechanosensing dysfunction
warrants thorough investigation.

At the molecular level, the precise mechanisms by which TRPV4 and Piezo1 interact in AD - and how these
interactions influence calcium signaling, oxidative stress, and apoptosis - represent a promising avenue for
further research. The role of post-translational modifications, such as phosphorylation, in regulating these
channels is another area of inquiry, as are the triggers and signaling pathways leading to NLRP3
inflammasome activation in microglia. The relationships among ROS, ceramides, and caveolae, along with
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the role of BIN1 in stress granule formation - currently presented in this manuscript as tentative - would
benefit from experimental verification. The therapeutic potential of targeting these molecular “nodes”, as
well as the Hippo pathway, particularly for modulating microglial responses and neuronal apoptosis, gives
promises, albeit still at a strategic and exploratory stage horizon. For example, vitagenes (e.g., Nrf2,
regulatory proteins, and enzymes capable of producing H2S) have been shown to protect astrocytes from
oxidative stress”**”. Their potential relevance in regulating key mechanisms involved in inflammation and
neurodegenerative damage may be linked to mechanosensitive properties, and possibly to
chemoprevention. As such, their connection to ceramides and the ion channels discussed in this manuscript
may reveal important insights.

From a preventive standpoint, the development of biomarkers for mechanical stress and mechanosensing
dysfunction could support early diagnosis and monitoring of disease progression.
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