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ABSTRACT: Aging and brain injury remodel the central nervous system (CNS) physical microenvironment, yet the
contribution of these mechanical changes to neurodegenerative disease remains underappreciated. While traditional
models emphasize biochemical mechanisms, emerging evidence indicates that altered tissue stiffness, extracellular
matrix composition, and interstitial fluid dynamics actively reprogram intracellular signaling via dysregulated
mechanotransduction. This review describes key physical cues shaping the brain microenvironment, including
substrate rigidity and fluid flow within the cerebrospinal fluid (CSF) and glymphatic system. We discuss how aging
and injury-induced alterations disrupt mechanotransductive signaling compared to physiological conditions. Although
candidate mechanosensors remain incompletely characterized, several are highlighted, including stretch-activated
calcium channels like Piezo1 and Transient Receptor Potential Vanilloid 4 (TRPV4) and stiffness-responsive pathways
involving focal adhesion kinase and Yes-associated protein 1 (YAP1)/Transcriptional co-activator with PDZ-binding
motif (TAZ). We examine how these altered pathways influence the progression of neurodegenerative disorders and
brain injury—-associated pathologies. By integrating mechanobiology into neurodegenerative research, this review
establishes physical forces as active disease drivers and identifies mechanotransduction as a promising frontier for
the diagnosis and treatment of various brain pathologies.
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1 Introduction

As societies worldwide are aging rapidly, extensive research efforts have been devoted to delaying or
preventing the aging process. In particular, the incidence of neurodegenerative diseases accompanied by
cognitive decline has increased markedly with brain aging, emerging as a major public health challenge
that imposes substantial social and economic burdens [1,2]. Consequently, large-scale drug development
programs and clinical studies aimed at treating or preventing neurodegenerative disorders, such as Alzheimer’s
disease (AD) and Parkinson’s disease, have been actively pursued [3,4]. Age-associated neurodegenerative
diseases, however, cannot be attributed to damage to a single cell type or to simple pathogenic mechanisms.
Rather, they arise from complex, integrated alterations in the brain microenvironment, including reduced
cerebral blood flow [5], consequent impairment of cerebrospinal fluid (CSF) circulation [6], dysfunction of the
glymphatic system [7,8], diminished waste clearance due to astrocytic functional decline [9-11], development
of a chronic inflammatory state, and widespread disruption of neuronal signaling networks [6,12,13] (Fig. 1).
These multifactorial changes collectively shape the pathological landscape of the aging brain.
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Figure 1: Multifactorial alterations in the aging brain microenvironment. The aging brain undergoes a complex and
integrated process of physical remodeling, which collectively shapes the pathological landscape of neurodegeneration.
As illustrated, age-associated vascular decline leads to altered hemodynamic patterns within the brain. These vascular
changes, along with structural alterations, result in impaired cerebrospinal fluid (CSF) circulation and significant
glymphatic dysfunction. Such disruption impairs the essential exchange between the CSF and interstitial fluid (ISF),
leading to the diminished clearance of neurotoxic metabolic waste products. Concurrently, an age-dependent decline
in astrocytic health further exacerbates this failure in waste clearance and results in the loss of vital homeostasis
support. These multifaceted physical changes, operating within a chronic inflammatory milieu, ultimately culminate
in widespread neuronal network disruption and synaptic loss. Together, this state of mechanical and biochemical
dysregulation establishes a feed-forward loop that accelerates the initiation and progression of neurodegenerative

diseases. This figure was created with BioRender (Toronto, ON, Canada, biorender.com).

Current therapeutic strategies have largely focused on preserving neuronal survival by preventing the
accumulation of neurotoxic proteins, such as amyloid-f3, or inhibiting tau hyperphosphorylation, both of
which are key drivers of neuronal degeneration. In parallel, approaches aimed at modulating glial cells
to attenuate neuroinflammation have been actively developed [14,15]. Notably, anti-amyloid-f3 antibody
therapies have recently received FDA approval [16,17], and additional treatments targeting components of
the complement system to reduce immune-mediated neuronal damage [18] are being applied in the context
of neurodegenerative disease therapy.

Nevertheless, age-related neurodegenerative diseases are not only multifactorial in onset and
progression but also reported to be predominantly sporadic rather than solely genetically driven [19].
Notably, even among patients who exhibit similar pathological hallmarks, such as amyloid-f3 or tau
accumulation, the clinical course and symptom severity vary considerably, suggesting that factors beyond
pathological protein burden contribute to disease heterogeneity [20]. Rather than arising solely from
discrete molecular abnormalities, these disorders emerge from complex, system-wide alterations in the
brain microenvironment [21]. Importantly, these microenvironmental alterations are accompanied by
dysregulated mechanotransduction, wherein changes in tissue stiffness, fluid flow, and cellular tension
are converted into aberrant intracellular signaling. Such mechanically driven signaling imbalances may
actively accelerate neurodegenerative processes by amplifying inflammatory cascades, impairing synaptic
stability, and disrupting neuronal survival pathways. In particular, age-dependent decline in circulatory
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system function induces alterations in cerebral blood flow, which in turn lead to reduced CSF circulation
and disruption of the glymphatic system. These changes collectively drive global physical remodeling of the
brain, accompanied by increased inflammatory burden and neuronal loss [22,23]. Accumulating evidence
further suggests that such processes are associated with alterations in the mechanical properties of brain
parenchyma, including changes in tissue stiffness [24,25]. This review evaluates the state of research on
pathological remodeling of the brain’s physical microenvironment and details existing evidence regarding
the relationship between this remodeling and dysregulated mechanotransductive signaling, which in turn
may establish feed-forward loops that contribute to neurodegeneration.

2 Components of the Mechanical Microenvironment in the Healthy Brain

All organs reside within distinct physical microenvironments defined by tissue stiffness and interstitial
fluid (ISF) dynamics, both of which are essential for maintaining normal physiological function. In the
vascular system, for example, endothelial cells are continuously exposed to laminar shear stress on the
order of tens of dyne/cm? [26], while vascular smooth muscle cells experience circumferential stretching
along with additional mechanical stimuli [27]. Thus, under normal physiological conditions, most tissues
are persistently subjected to organ-specific physical forces that actively regulate cellular behavior.

Similarly, the brain parenchyma—composed of neurons and glial cells—is an exceptionally delicate
tissue whose physical microenvironment is shaped by a combination of mechanical, viscoelastic, and
fluid-dynamic properties [28]. Under physiological conditions, the brain exists within a defined range of
parenchymal stiffness that plays a critical role in regulating cellular function, development, and disease
susceptibility [29]. This stiffness is influenced by factors such as neuronal myelination and extracellular
matrix (ECM) composition [30] and varies across distinct brain regions [31]. In parallel with its mechanical
properties, the brain’s physical microenvironment is dynamically maintained by continuous fluid transport
mediated by CSF and ISF, collectively referred to as the glymphatic system.

Although the existence of a tightly regulated physical microenvironment in the brain is established,
its functional significance in controlling neuronal and glial behavior has only recently begun to attract
substantial attention. In this context, Hu et al. (2021) demonstrated that astrocytes cultured on collagen I-
and alginate-based hydrogels tuned to approximately 1 kPa-a stiffness that closely mimics healthy brain
tissue-exhibited increased nuclear translocation of the mechanosensor Yes-associated protein 1 (YAP1),
accompanied by reduced astrocyte activation [32]. Consistently, Benincasa et al. (2024) reported that
astrocytes cultured on brain-mimetic substrates (~1 kPa) display a smaller cell area, fewer processes, reduced
GFAP expression, and slower proliferation, collectively resembling the phenotype of healthy adult astrocytes.
These findings indicate that physiological tissue stiffness maintains a balanced mechanotransductive state
in glial cells, restraining excessive inflammatory activation and preserving cellular homeostasis [33].

Beyond these morphological and functional changes, astrocytes residing in a healthy brain-mimetic
mechanical environment show increased expression of the chondroitin sulfate proteoglycan (CSPG) aggrecan.
In silico analyses further revealed that aggrecan expression is correlated with mechanotransduction-related
molecules, including tyrosine phosphatases, annexin A2, and type IV and XIII collagens. Together, these
findings indicate that physical characteristics such as brain tissue stiffness can directly regulate astrocyte
function through mechanosensor-mediated signal transduction pathways, underscoring the importance of
the physical microenvironment as a key regulator of glial physiology [33].

Shear stress generated by ISF flow represents another critical physical cue within the brain
microenvironment that influences both neuronal and glial function. Gaub et al. demonstrated that mouse
cortical and hippocampal neurons exposed to mechanically induced stimuli mimicking shear stress exhibited
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distinct calcium channel activation patterns depending on the magnitude of the applied force. These results
suggest that shear-induced membrane tension activates mechanosensitive calcium channels, leading to
either transient or sustained calcium signaling and the engagement of divergent downstream pathways [34].

Astrocytes similarly respond to fluid shear stress. Compared with static culture conditions, astrocytes
exposed to shear stress exhibit enhanced phagocytic activity [35]. Shear stress induces pronounced
cytoskeletal remodeling and alters the directionality of astrocyte migration, indicating that astrocytes sense
both the magnitude and direction of fluid flow through intrinsic mechanosensors. Also, mechanosensors,
including Piezol and TRPV4 in astrocytes, lead to Ca?* influx and oscillatory Ca?* signaling. These Ca?*
signals regulate gliotransmitter release (e.g., ATP and glutamate) and modulate neuron-glia communications,
thereby contributing to brain function and homeostasis [36]. This ability to translate fluid-derived physical
cues into structural reorganization and functional outputs suggests that astrocytes exposed to physiological
fluid flow in the healthy brain engage homeostatic signaling pathways that are disrupted under pathological
conditions.

3 Pathological Remodeling of the Brain’s Physical Microenvironment

While the healthy brain maintains a tightly regulated mechanical and fluid-dynamic microenvironment,
pathological conditions profoundly disrupt these physical parameters. Traumatic brain injury (TBI),
neuroinflammatory states, and chronic neurodegenerative disorders such as AD are all associated with
measurable alterations in brain stiffness, ISF flow, and glymphatic function [6,7,37-39]. These physical
changes are not merely secondary consequences of tissue damage but actively reshape intracellular signaling
networks through altered mechanotransduction [40-42]. Abrupt fluctuations in tissue stiffness and shear
stress following injury may hyperactivate integrin clustering, enhance focal adhesion kinase (FAK) signaling,
and promote RhoA/ROCK-dependent cytoskeletal contractility, thereby amplifying pro-inflammatory NF-«B
and MAPK pathways [43-45]. Such mechanically driven signaling cascades may establish self-reinforcing
loops that perpetuate glial activation and neuronal vulnerability.

In the context of TBI, the mechanical properties of brain tissue undergo rapid and dynamic remodeling.
Magnetic resonance elastography (MRE) studies have demonstrated region-specific alterations in brain
stiffness following injury, including acute softening associated with edema and tissue disruption [46,47]. In
contrast, chronic stages of TBI are characterized by reactive gliosis, extracellular matrix deposition, and
scar formation, resulting in focal stiffening of affected regions [48,49] and altered signaling. Particularly,
increased tissue stiffness can promote microglial migration. According to Chen et al., elevated stiffness
of the brain parenchyma activates Piezol channels in microglia, leading to an increase in intracellular
calcium levels. This calcium influx facilitates the conversion of phosphorylated cofilin to its active form,
cofilin, thereby enhancing F-actin reassembly and ultimately promoting microglial migration [50]. These
bidirectional changes in parenchymal stiffness alter the mechanical cues perceived by neurons and glial
cells. Simultaneously, TBI disrupts cerebrovascular integrity and blood—-brain barrier function, resulting in
altered interstitial pressure gradients and impaired CSF circulation [51,52]. Inflammatory cell infiltration
and astrocytic swelling further restrict ISF flow, thereby reducing glymphatic clearance [6,7]. Reduced fluid
dynamics modify shear stress experienced by parenchymal cells, potentially altering mechanosensitive
calcium signaling and cytoskeletal organization [53-55]. Notably, astrocytes exposed to increased fluid
dynamics exhibit significantly enhanced phagocytic activity compared to those under static conditions,
primarily through cytoskeleton reassembly. These findings suggest that a pathological reduction in fluid
dynamics may contribute to impaired astrocyte function [35]. Thus, mechanical remodeling following
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TBI may perpetuate neuroinflammatory signaling and maladaptive glial activation through sustained
mechanotransductive alterations [56,57].

In AD, mechanical and fluid-dynamic disturbances occur in a more gradual yet persistent manner.
Glymphatic dysfunction in AD has been widely reported, characterized by reduced CSF-ISF exchange
and impaired clearance of amyloid-f3 and other metabolic waste products [7,8]. Age-related vascular
decline and astrocytic AQP4 depolarization further compromise directional fluid flow [58,59]. Concurrently,
accumulating evidence suggests that parenchymal stiffness is altered in AD. MRE studies have revealed
region-specific reductions in brain stiffness in patients with AD, likely reflecting neurodegeneration
and microstructural disorganization [25,60]. Conversely, focal stiffening associated with amyloid plaque
deposition and reactive gliosis has also been reported at the microscale level [30,61].

The heterogeneity of mechanical properties within the CNS creates spatially distinct microenvironments
that differentially regulate cellular mechanosensors. Specifically, reduced mechanical tension in degenerating
regions may impair YAP/TAZ-mediated transcriptional programs necessary for cellular resilience, whereas
focal stiffening associated with gliosis may enhance integrin-dependent inflammatory signaling [62,63]. These
mechanical alterations directly contribute to the impairment of cellular regenerative and homeostatic
mechanisms, thereby accelerating neurodegenerative progression. The importance of mechanical cues in
maintaining cellular youthfulness is particularly evident in the context of YAP/TAZ signaling. Astrocytes
lacking YAP exhibit premature phenotypes, where reduced CDK6 expression contributes to cellular
senescence [64]. This loss of YAP-mediated resilience is also observed in aged neurons; Lei et al. reported
that decreased YAP1 expression in aged animals is strongly associated with Alzheimer’s disease pathology,
a process mediated in part through the AKT/GSK-3f3 signaling pathway [65]. Collectively, these findings
underscore that the modulation of the mechanosensors YAP/TAZ is a fundamental regulator of cellular
senescence within the physical landscape [66]. In addition to regulating senescence, mechanosensors
dictate the regenerative capacity of CNS progenitor cells. Segel et al. demonstrated that the diminished
regenerative capacity of aged oligodendrocyte progenitor cells (OPC) in stiff, aged-like environments
can be restored when cultured in neonatal-like mechanical niches. This rejuvenation is mediated by
the activation of the mechanosensitive ion channel Piezo1, highlighting its critical role in sensing and
responding to changes in tissue rigidity [67]. However, chronic pathological conditions such as AD,
the upregulation of mechanosensors can drive maladaptive responses. For instance, astrocytes located
near amyloid plaques exhibit increased Piezol expression—a phenomenon more pronounced in aged AD
models [68]—which enhances Wnt7b expression and activates calcium-dependent signaling, including
PLCf2, protein kinase C (PKC), and CaMK signaling cascades [69]. Similarly, microglia surrounding
amyloid plaques upregulate Piezol expression, leading to increased intracellular calcium influx. While this
initially facilitates actin cytoskeletal remodeling, microglial clustering, and A3 clearance [61], sustained
activation may be detrimental. Excessive calcium entry through Piezol can induce NADPH oxidase 2
(NOX2), resulting in increased extracellular oxidative stress and the eventual impairment of phagocytic
function [70].

The coexistence of these opposing mechanical states may create spatially distinct zones of dysregulated
mechanotransduction, thereby accelerating synaptic dysfunction and neuronal loss. Moreover, pathological
shifts in stiffness and fluid dynamics are likely to exert notable effects by reprogramming intracellular
signaling pathways, thus reinforcing chronic neuroinflammation and synaptic dysfunctions [15,71,72].
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4 Mechanopharmacology: Targeting Mechanosensitive Pathways in the Brain

Despite growing recognition of mechanotransduction as a critical regulator of cellular function in
the CNS, most current therapeutic strategies for neurodegenerative diseases remain largely ‘mechanical
blind’, focusing primarily on molecular and biochemical targets. In this context, the concept of
mechanopharmacology-the targeted modulation of mechanosensitive signaling pathways-has emerged as a
promising yet underexplored therapeutic avenue.

Several key mechanosensors discussed in this review, including Piezo1, TRPV4, and YAP/TAZ, represent
potential pharmacological targets. For example, Piezol activity can be modulated by small molecules
such as the agonist Yodal [73] and inhibitors including GsMTx4 [74], which have been widely used in
preclinical studies to investigate mechanosensitive calcium signaling [75-77]. Similarly, TRPV4 can be
pharmacologically activated or inhibited using compounds such as GSK2798745 [78] and HC-067047 [79,80],
respectively, both of which have been explored in the context of vascular and neuroinflammatory regulation.
In addition, YAP/TAZ signaling can be indirectly modulated by compounds such as verteporfin, which
disrupts YAP-TEAD interactions [81] and has been investigated in cancer and fibrosis models [82,83].

However, the translation of mechanopharmacological strategies into effective CNS therapeutics remains
challenging. One major obstacle is the delivery of these agents across the blood-brain barrier (BBB),
which restricts the penetration of many small molecules and biologics. Emerging approaches, including
focused ultrasound-mediated BBB opening [84] and nanoparticle-based delivery systems [85], may offer
potential solutions, but their safety and long-term effects require further evaluation. In addition, because
mechanosensitive pathways are widely involved in essential physiological processes such as vascular
homeostasis, sensory transduction, and tissue integrity, systemic modulation of these pathways carries the
risk of off-target effects [86,87]. Another critical challenge lies in achieving cell-type-specific targeting. As
highlighted in this review, mechanosensors such as Piezol and YAP/TAZ can exert distinct and sometimes
opposing roles across different CNS cell types. For instance, Piezol-mediated calcium signaling may
promote beneficial phagocytic activity in microglia under acute conditions [61], while chronic activation
may drive oxidative stress and neuroinflammation [70]. Similarly, YAP/TAZ signaling can support astrocytic
resilience and tissue repair [64], yet dysregulation may contribute to aberrant proliferation or fibrosis-like
responses [88]. Therefore, precise spatial and temporal control of mechanosensory activity will be essential
for the development of safe and effective therapies.

Taken together, these considerations highlight both the therapeutic potential and the complexity
of targeting mechanotransduction in the brain. Future efforts should focus on developing selective
modulators, improving CNS delivery strategies, and establishing a deeper understanding of cell-type-specific
mechanosensitive signaling networks. Integrating mechanopharmacology into current drug development
pipelines may ultimately enable more effective interventions for neurodegenerative diseases by addressing
the physical as well as molecular dimensions of the brain microenvironment.

5 Conclusion and Perspective

This review summarizes accumulating evidence indicating that physical remodeling of the
brain microenvironment in traumatic injury and neurodegenerative disorders can profoundly alter
mechanotransduction in neurons and glial cells, thereby accelerating disease initiation and progression.
We propose that dysregulated mechanosignaling serves as a critical mechanistic bridge linking altered
tissue stiffness, impaired fluid dynamics, and chronic neuroinflammatory signaling to progressive neuronal
dysfunction.
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Historically, research on neurodegenerative diseases has focused predominantly on immunological
and biochemical mechanisms. However, considering that previous research has not sufficiently explored the
mechanics of neurological aging and degeneration, we highlight the emerging concept that mechanically
driven alterations in intracellular signaling represent an additional and underappreciated layer of disease
regulation. The field of CNS mechanobiology is still in its infancy. Although mechanosensors such
as Piezol, YAP/TAZ, integrins, and TRPV4 have been identified, the precise signaling hierarchies and
cell-type-specific responses remain incompletely understood. Further investigation is required to define
how mechanical cues are integrated at the molecular level and how their dysregulation contributes to
progressive neurodegeneration.

CNS mechanobiology offers a transformative perspective on neurodegenerative diseases by incorporating
the dynamic interplay between physical forces and cellular responses into current research on biochemical
signaling. Despite significant progress in identifying mechanosensitive pathways, several critical challenges
and opportunities remain.

First, current drug discovery strategies for neurodegeneration have been largely “mechanically blind.”
Most existing therapies for brain disorders remain insufficient in addressing the regulatory functions of
mechanosensors. For example, physical stimulation using ultrasound has been explored to activate TRPV4
channels and transiently open the blood-brain barrier (BBB) [89], and focused ultrasound has been employed
to enhance the delivery of Alzheimer’s therapeutics into the brain [84,90,91]. Nevertheless, these approaches
target only a limited subset of mechanosensitive pathways. Future therapeutic approaches should explore
the concept of mechanopharmacology—the targeted modulation of mechanosensitive signaling pathways.
For example, selective regulation of Piezo1 activity or controlled modulation of YAP/TAZ signaling may
help decouple pathological tissue stiffening from downstream inflammatory cascades. However, because
mechanotransduction is essential for normal physiological processes such as vascular regulation and sensory
perception, achieving cell-type-specific or region-specific targeting remains a major challenge.

Second, there is a growing need for diagnostic tools capable of detecting early mechanical alterations
in the brain. Although amyloid-3 and tau PET imaging remain the current gold standards, their correlation
with clinical symptoms is often incomplete. Advanced imaging modalities such as high-resolution MRE and
Brillouin microscopy may enable the identification of “mechanical biomarkers” that precede overt protein
aggregation. Determining whether regional stiffness alterations can serve as early indicators of sporadic
AD or TBI progression represents an important frontier in translational research.

Finally, experimental models should be refined to better represent the mechanical complexity of
the brain. Traditional 2D plastic substrates impose supraphysiological stiffness that likely obscures key
mechanobiological insights. The development of three-dimensional brain-on-a-chip systems and organoids
with tunable viscoelastic properties will be essential for validating the feed-forward mechanotransductive
loops evaluated in this review. Such platforms allow precise control of ISF flow, matrix tension, and
mechanical heterogeneity, thereby enabling systematic testing of mechanotherapeutic interventions.

In summary, dysregulated mechanotransduction represents a unifying framework that links physical
remodeling of the brain to chronic inflammation, synaptic instability, and neuronal loss. Integrating mechanical
biology into mainstream neuroscience research may not only refine our understanding of disease mechanisms
but also open new avenues for diagnosis and therapeutic intervention in neurodegenerative disorders.
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AD Alzheimer’s disease

CNS Central nervous system
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FAK Focal adhesion kinase

ISF Interstitial fluid

MRE Magnetic resonance elastography
TBI Traumatic brain injury
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