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Abstract

Background. Alzheimer’s disease (AD) pathogenesis extends beyond biochemical alterations to include biomechanical dysfunction. Brain tissue
stiffening, vascular shear stress changes, and impaired fluid dynamics characterize the AD brain. PIEZO1, a mechanosensitive ion channel, trans-
lates these mechanical cues into pathological signaling across neural cells.

Objective: This review synthesizes current evidence on PIEZO1 in AD, proposing an integrated mechanobiological model in which PTEZO1 links
brain mechanical remodeling to cellular and molecular pathologies.

Methods. A comprehensive literature search of PubMed and Scopus was conducted to identify studies on PIEZO1 expression, activation, and
downstream signaling in the context of AD. Molecular, cellular, and animal studies involving microglia, astrocytes, neurons, endothelial cells, and
pericytes were critically evaluated to construct a unified model of mechanotransductive dysfunction.

Results. PIEZO1 dysfunction affects multiple systems in AD. Vascular impairment reduces shear-stress responses, causing hypoperfusion and
blood-brain barrier leakage. Glymphatic clearance is compromised via reduced vascular pulsatility, weakening Af} removal. Microglial PIEZO1
senses A stiffness to promote early phagocytosis, yet chronic activation drives neuroinflammation; astrocytic PIEZO1 contributes to reactive glio-
sis. In neurons, abnormal PIEZO1 signaling disrupts synaptic plasticity. This establishes a self-reinforcing cycle: tissue stiffening further activates
PIEZO1, exacerbating pathology.

Conclusion. PIEZO1 is a central mechanotransducer, integrating biomechanical alterations into AD pathogenesis. PIEZO1 emerges as a high-
value, yet complex, therapeutic target in AD. Realizing its potential will depend on the development of precision 'mechanopharmacology'—inter-
ventions that are not only cell- and stage-specific but also capable of fine-tuning channel activity rather than simply activating or inhibiting it. Fu-
ture studies must prioritize the development of targeted modulators and a deeper understanding of the temporal dynamics of PIEZO1 signaling
across the disease continuum.
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AnHomayusn

AxmyaavHocmy. [1atorenes 6osie3uu Aspirerimepa (BA) BBIXOZUT 3a paMKu OMOXMMHUYECKHUX u3MeHeHnd. OH BKJIIOYaeT B cebs1 OMoMexaHu-
veckyto nucyHkiuio. IIpu BA rosoBHON MO3T XapaKTepU3yeTcsl CHIKEHHUEM YIIPYTOCTH MO3TOBOM TKaHU, U3MEHEHUEM HaIPsKeHUsl CBUTA
CTEHOK COCY/IOB ¥l HApyIIIeHWeM AMHAMUKH IIUPKYJIAIUY )KAAKOCTH. MeXaHOUyBCTBUTEIbHBIH HOHHBIN KaHay PIEZO1 npeobpasyer 5Tu MexaHu-
YyecKHe CUTHAJIBI B IATOJIOTHYECKHe CUT'HAJIBI, IIepe/laBaeMble HEPBHBIMU KJIETKAMU.

IJeaw. B 0630pe 060611eHbI Meonuecs nauubie 1o PIEZO1 npu BA, mpejioskeHa KOMIUIEKCHAsT MEXaHOOHUOJIOTUYECKAsT MOJIENIb, B KOTOPOK
PIEZO1 cBsi3bIBa€T MEXaHUYECKOE PEMO/IEIMPOBAHIE FOJIOBHOTO MO3Ta ¢ HAPYIIEHUsAMH Ha KJIETOYHOM M MOJIEKYJISIPHOM YPOBHSIX.

MemoOout. BrinosiHEH IOUCK JIUTEPATYPHBIX HCTOUHUKOB B PubMed u Scopus ¢ Iie/1bi0 HeHTHGHINPOBATD UCCIEA0BAHUSA HKCIIPECCUH, AKTH-
BallUU U AasbHelmel nepenayn curaana PIEZO1 B konTekere BA. TIpoBeieHa KpUTHYecKast OIeHKa UCCIIEAOBAHUI MUKPOTJIHH, aCTPOI[UTOB,
HEHPOHOB, HH/IOTEJINAIBHBIX KJIETOK U IEPUIIUTOB HA MOJIEKYJIIPHOM U KJIETOYHOM YPOBHE, a TAK)Ke Ha JKUBOTHBIX C I1€JIBIO CO3/1aTh €IUHYI0 MO-
JleJTb MEXaHOTPAHCAYKTUBHOH AUCHYHKIUU.

Pe3yavmamut. [Tpu BA nuchyukius PIEZO1 BiuseT Ha MHOTOYHCJIEHHBIE CUCTEMBI OpraHuaMa. CoCcyIuCTble HapYIIEHUs IPUBOZAT K YMEHb-
IIEHUIO PeaKIH Ha M3MEeHeHVe HAIIPSIXKeHUs CZIBITa, BBI3BIBAs TUIIONEPdY3HUIO U IIOBPEXK/IeHUe reMaTosHIedatnueckoro 6apbepa. Beseacresue
YMEHbIIEHHU IMyJIbCALIUN COCYAOB HapyIuaeTcs rnMbaTHIecKuil KJIHpeHe, n3-3a 4ero xysxe BbiBoguTcs AB. PIEZO1 B MUKDOIJINH ONIpeZiesisieT
cBsI3aHHOE ¢ A} CHUIKEHHe YIIPYTOCTH, CIIOCOOCTBYsI Hayary Garomnnurosa, 0{HAKO ero IOCTOSTHHOE TPeObIBAHNE B AKTUBHOM COCTOSTHUU BBI3BIBA-
et HelipoBocnasienue; PIEZO1 B acTporurax CrocobCTByeT Pa3BUTHIO PEAKTUBHOTO IJIHO3a. B HelipoHax HapyireHue PIEZO1 curHamusanuu
NIPUBOZMT K yTpaTe CHHANTHYECKOH ItacTuaHOCTH. TakuM 06pa3oM, ycTaHaBIMBAETCSA CAMOYCHUIHBAIOLIHHCA IUKII: CHUXKEHHE YIIPYTOCTH TKa-
Hell obecrieynBaeT Bee 60J1blIyio akTuBHOCTH PIEZO1, mpuBo/s K 060CTpeHNI0 3a60/I€BaAHMS.

Bwteoodwt. PIEZO1 npezicrasiisieT 060 OCHOBHOU MEXaHOTPAHCAYKTOP, 00eCIeunBaIOIIUi HHTErPAi0 OMOMeXaHHUeCKUX U3MEeHEeHH B Ta-
TtoreHe3 BA. ITpu BA PIEZO1 BeicTymaer B poyiv Ype3BbIUaHO 3HAYMMOM, HO CJIOJKHOH TEPAIIeBTUYECKON MUIIIEHH. Pean3aliiys ero noTeHnuana
Oy/IeT 3aBUCETh OT PA3BUTHS IPEIIM3NOHHON «MexaHO(papMaKOJIOTHH» — BMEIIATebCTB, KOTOPbIe He TOJIBKO CHEHU(bUIHBI JJIs1 OIPEe/IeIEHHBIX
KJIETOK U CTa (Ui, HO TaK:Ke CIIOCOOHBI 00eCcIieYnBaTh TOHKYI HACTPOMKY aKTUBHOCTH KaHAJIOB, a HE IIPOCTO aKTUBUPOBATh UM UHIHOUPOBATDH
ux. B xozie nanpHERIINX UCCIeI0BAHUI IPHOPUTET I0JIXKeH ObITh OTAAH Pa3paboTKe I1eJIEBBIX MOYJIATOPOB U OoJiee IIIyb0KOMY U3YyYEHHIO Bpe-
MeHHOU fuHaMuku PIEZO1 curHayin3anyy Ha IPOTSKEHUH BCETro repro/ia 60JI1e3Hu.

Karoueswvte caoea: PIEZ01, mexanobuosiorusi, 607e3Hb AblirefiMepa, HEHPOCOCYIUCTAs eIUHUIIA, CHIKEHUE YIIPYTOCTH TKAHU, KaJIbIIHeBast
CUTHATU3ALUA.
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Introduction

Alzheimer’s disease (AD) is classically defined by amyloid-
B (AB) plaques, tau tangles, and neuroinflammation [1]. Be-
yond biochemistry, the brain’s mechanical properties — ex-
tracellular matrix (ECM) stiffness, vascular shear stress,
and interstitial pressure — are dynamically regulated. Aging
and AD alter these properties: protein aggregation and
ECM remodeling stiffen parenchyma [1, 2], while cerebral
vessels lose compliance, impairing perfusion [3].

Mechanobiology — the study of how cells sense and re-
spond to mechanical forces—offers a new perspective on AD
pathogenesis. CNS cells express mechanosensitive ion
channels that translate physical cues into biochemical sig-
nals. PIEZO1, a non-selective cation channel, is widely ex-
pressed in microglia, astrocytes, neurons, and endothelial
cells and is highly sensitive to membrane tension, substrate
stiffness, and shear stress [4].

A growing body of evidence directly implicates PIEZO1 in
AD pathology. Microglial PIEZO1 senses the heightened
stiffness of AP fibrils, triggering Ca** influx that promotes
phagocytosis and plaque clearance; its loss exacerbates
plaque burden and cognitive deficits in mice [5]. Pharmaco-
logical activation of PIEZO1 with agonists like Yoda1 en-
hances microglial survival, phagocytosis, and AP clearance
in human models, directly linking channel activity to plaque
reduction [6]. Similarly, astrocytes surrounding amyloid
plaques upregulate PIEZO1, particularly under inflamma-
tory conditions [7]. This positions PIEZO1 as an active sen-
sor of the altered mechanical landscape of the AD brain, po-
tentially driving key pathological processes.

This review argues that PIEZO1 is not merely a passive
sensor but a central integrator and amplifier. It converts the
brain's physical deterioration into biochemical and cellular
dysfunction, which in turn promotes further mechanical re-
modeling, creating a self-reinforcing pathogenic cycle that
accelerates disease progression. We propose a unified
mechanobiological framework for AD, in which PIEZO1
dysfunction connects vascular deficits, glial activation, and
synaptic failure into a cohesive model of neurodegenera-
tion.

Structure and mechanogating of PIEZO1

PIEZO1 is a large, trimeric ion channel with a unique
three-bladed "propeller" architecture. Each subunit forms a
curved blade that radiates from a central pore, creating a
distinctive nano-dome structure within the membrane.
Cryo-electron microscopy studies have identified intracel-
lular "beam-like" elements that tether the blades to the
pore, functioning as levers to transmit mechanical force
into channel gating [8]. Upon activation by stimuli such as
membrane stretch or changes in substrate stiffness, PIEZO1
opens, permitting a rapid influx of cations, primarily Ca>*
and Na* [9]. This ion flux initiates diverse downstream sig-
naling cascades, including the activation of
calcium/calmodulin-dependent kinases (CaMKs), cal-

cineurin, NF-kB, and triggers cytoskeletal reorganization
and transcriptional changes [10]. Research tools like the ag-
onist Yoda1 and the peptide antagonist GsMTx4 are instru-
mental in probing PIEZO1's functions [9]. Although its gat-
ing kinetics are cell-type-dependent, the fundamental prin-
ciple of force-to-signal conversion is a conserved feature of
PIEZO1 biology [10].

Mechanical remodeling in the Alzheimer’s brain

The AD brain undergoes significant mechanical remodel-
ing that actively drives disease progression [11]. Tissue stiff-
ness escalates due to the combined effects of AP plaques,
neurofibrillary tangles, and reactive gliosis, which promote
the deposition of ECM proteins like collagen [11, 12]. Con-
currently, vascular mechanics are compromised, featuring
reduced cerebral blood flow, arterial stiffening, and blood-
brain barrier (BBB) breakdown, which disrupts shear stress
and interstitial fluid dynamics [13].

PIEZO1 is aberrantly activated in this altered mechanical
environment. For instance, microglia encountering stiff Af3
plaques upregulate PIEZO1, initiating Ca**-dependent sig-
naling pathways [11]. This mechanosensitive activation ex-
tends across cell types: glial PIEZO1 promotes neuroinflam-
mation via NF-xB and inflammasomes [14]; endothelial
PIEZO1 modulates BBB integrity and oxidative stress [15];
and neuronal PIEZO1 influences Ca** homeostasis and po-
tentially tau pathology [14].

This creates a self-reinforcing, feed-forward cycle. Initial
AP deposition and aging-related stiffening activate PIEZO1,
which in turn amplifies vascular dysfunction, impairs glym-
phatic clearance, heightens inflammation, and promotes
further ECM remodeling and neuronal injury [16, 17]. This
mechanopathogenic cycle establishes PIEZO1 as a central
node, physically linking the brain's deteriorating biome-
chanics to the classic hallmarks of AD [15, 17] (Figure).

Cell-type-specific roles of PIEZO1
in ad pathobiology

Microglia: Sensing Stiffness and Directing Amy-
loid Clearance. Microglial PIEZO1, upregulated near Af3
plaques, senses fibril stiffness, triggering Ca** influx that
drives clustering, migration, and phagocytic clearance of
AB. The functional importance of this pathway is under-
scored by evidence that microglial PIEZO1 deletion in mice
increases plaque burden and accelerates cognitive decline,
whereas pharmacological activation with Yoda1 enhances
lysosomal activity, AB phagocytosis, and memory [5, 6].

Astrocytes: Modulating Reactive States and
Synaptic Function. Reactive astrocytes surrounding
amyloid plaques exhibit heightened PIEZO1 expression, a
response amplified by peripheral inflammation [7]. Activa-
tion of astrocytic PIEZO1 regulates Ca>* oscillations, ATP
release, and cytokine profiles, often reducing pro-inflam-
matory factors like IL-1f and TNF-a [18]. In vivo, astrocyte-
specific PIEZO1 deletion disrupts hippocampal neurogene-
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sis, long-term potentiation (LTP), and memory, while its
overexpression enhances synaptic plasticity and cognition
[19]. The detrimental role of PIEZO1 in inflammation is fur-
ther amplified by the finding that inflammatory conditions
can 'sensitize' astrocytic PIEZO1 channels, lowering their
activation threshold and leading to exaggerated calcium re-
sponses that fuel neuroinflammation.

Endothelial Cells and Pericytes: Governing
Vascular Integrity

As a primary shear-stress sensor in the vasculature, en-
dothelial PIEZO1 generates Ca?* signals in brain capillaries,
implicating it in neurovascular coupling [20]. Pathologi-
cally, AB1-40 directly potentiates PIEZO1 activity in en-
dothelial cells, increasing its mechanosensitivity [17]. Fur-
thermore, endothelial PIEZO1 mediates blood-flow-depen-

PIEZO1-Driven mechano-transduction and mechanical remodeling
in Alzheimer’s Disease.

dent pericyte proliferation via Notch signaling, a key
process for neurovascular unit development and integrity
[22]. In disease states, however, excessive PIEZO1 activa-
tion can contribute to BBB disruption and inflammation,
highlighting its dual role in vascular health and pathology.
The critical role of PIEZO1 in vascular pathology is under-
scored by in vivo evidence showing that its inhibition with
the antagonist GsMTx4 preserves BBB integrity and pre-
vents cognitive impairment in models of chronic cerebral
hypoperfusion, a key contributor to vascular dementia.

Neurons: Direct and Indirect Influences
on Synaptic Health

While PIEZO1 expression is lower in mature neurons
than in glia, it can influence neurite outgrowth, synaptic
plasticity, and Ca>* homeostasis [4]. More significantly,
PIEZO1 indirectly governs neuronal health through its roles
in microglial plaque clearance, astrocytic synaptic support,
and endothelial regulation of blood flow. Preliminary evi-
dence also suggests a potential link to tau phosphorylation,
meriting further investigation.

i i Astrocyte .
Kiciopes v The context-dependent duality of PIEZO1
i signaling
Sensing PIEZO1 The impact of PIEZO1 activation is not universally bene-
sHiifeas v Reactive ficial or detrimental but is instead determined by cell type,
asculal states . X
dystunction disease stage, and pathological context.
7y e Microglia: In early AD, PIEZO1 activation is protec-
A{} id tive, promoting A phagocytosis [5]. In chronic phases, sus-
" deposition” tained activation may lead to oxidative stress and phago-
Endothelial Cells " — Neuron eytic dysfunction [11]
and Pericytes — : . . .
Amyloid \ K\S\JI'I v}  Vasculature: Under physiological conditions, PIEZO1
O deposition S '(/ is crucial for flow sensing and vascular development [22].
— O@ In chronic hypoperfusion or advanced AD, its overactiva-
BEZGH PIEZO1 /;f\ tion contributes to BBB disruption by driving oxidative
Vazeila Synaptic stress and tight junction damage via the CaMKII/Nrf2
integrity health pathway '[15]. Therapeutically, PIEZO1 inhibition with
GsMTx4 in such contexts has been shown to preserve BBB
Therapeutic strategies for targeting piezo1 in Alzheimer's Disease
Therapeutic Mechanism of Action Key Modulators / Potential Therapeutic Benefit References
Strategy Interventions in AD Context
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integrity, reduce neuroinflammation, and prevent cognitive
impairment [23].

« Astrocytes: Acute PIEZO1 signaling supports neuroge-
nesis and synaptic function [19]. Under persistent mechan-
ical stress or inflammation, it may drive the transition to a
chronic reactive state, exacerbating gliosis [24].

Mechanopharmacology: therapeutic modulation
of PIEZO1

The dual nature of PIEZO1 signaling necessitates precise
therapeutic strategies.

« Agonist-Based "Mechanoboosting": Using com-
pounds like Yoda1 to activate microglial PIEZO1 represents
a promising strategy to enhance A clearance in early AD,
as demonstrated in preclinical models [6].

- Antagonist-Based Protection: In contexts of vascu-
lar dysfunction, inhibitors like GsMTx4 can block maladap-
tive PIEZO1 signaling, protecting the BBB and reducing in-
flammation [23].

« Challenges and Future Directions: The primary
challenge is achieving cell-type and context specificity to
avoid off-target effects, given PIEZO1's widespread expres-
sion. Future efforts must focus on developing brain-pene-
trant, biased modulators, and targeted delivery systems
(e.g., nanoparticles, viral vectors) to direct therapies to spe-
cific cell populations.

Furthermore, the potential benefits of PIEZO1 inhibition
may extend beyond the vasculature. Evidence suggests that
maladaptive PIEZO1 signaling contributes to white matter
damage, as GsMTx4 has been shown to attenuate demyeli-
nation in certain models. This opens another promising av-
enue for therapeutic intervention in AD, where white mat-
ter integrity is frequently compromised (Table).

Research frontiers and key gaps
To translate these mechanistic insights into therapies,
several priorities must be addressed:

1. Conditional Genetic Models. Cell-type-specific
(e.g., microglia, astrocyte, endothelium) PTEZO1 knock-
out/overexpression studies in AD models are needed to es-
tablish causal relationships.

2. Temporal Dynamics. Longitudinal studies mapping
PIEZO1 expression and activity across disease stages are
crucial to determine the optimal window for intervention.

3. Downstream Signaling. A comprehensive mapping
of PIEZO1-triggered pathways (CaMK, NF-kB, NLRP3) in
each CNS cell type in AD contexts is required.

4. Human Validation. Investigating PIEZO1 expres-
sion and activation in human post-mortem AD brain tissue
using spatial transcriptomics and proteomics is essential.

5. Drug Development. There is an urgent need for
novel, brain-penetrant PIEZO1 modulators. Future efforts
should focus on developing biased ligands that can activate
beneficial downstream pathways (e.g., for phagocytosis)
while avoiding detrimental ones (e.g., for inflammasome
activation), as well as advanced delivery systems (e.g.,
nanoparticle — or antibody-mediated targeting) for cell-
type-specific modulation.

Conclusion

PIEZO1 functions as a central mechanotransducer in AD,
linking pathological brain stiffening to signaling pathways
that regulate AP clearance, neuroinflammation, vascular in-
tegrity, and synaptic function. Its dual, context-dependent
roles are both a challenge and opportunity. Realizing its
therapeutic potential requires precision mechanopharma-
cology — interventions that are molecule-, cell-, and stage-
specific. Incorporating biomechanical perspectives, target-
ing PIEZO1 provides a novel, holistic approach to disrupt
neurodegeneration and alter disease progression.
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