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Research advances in the regulatory mechanisms of physical
microenvironment on human stem cells
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Abstract: Stem cells (SCs) are a class of self-renewing cells capable of differentiating into various human cell
types. The field of stem cell regenerative medicine is flourishing, with China's first approved stem cell drug—
Amimestrocel—bringing new hope to patients. Current research on stem cell mechanisms primarily focuses on
biological and chemical factors; however, physical regulatory factors (e.g., mechanical forces, electromagnetic
fields) offer distinct advantages, including non-invasiveness and temporally precise control. This review explores
mechanisms by which physical factors regulate stem cell behavior. Dynamic mechanical forces influence stem cell
differentiation and function by modulating key signaling pathways such as TGFf/Smad, RAS/MAPK, and
JAK/STAT, the activation of which plays crucial roles in organismal development and disease pathogenesis.
Electromagnetic fields regulate stem cell proliferation, migration, and extracellular matrix remodeling through the
modulation of membrane potential, ion channel activity, and gene expression, opening new research directions.
Photobiomodulation enables stem cell regulation through adjustments to light parameters (wavelength, intensity,
duration) or photosensitive materials, demonstrating significant effects in studies involving neural stem cells and
bone marrow mesenchymal stem cells. Synergistic therapeutic strategies combining multiple physical factors with
emerging technologies such as 3D printing and nanomaterials will further advance stem cell research and clinical
applications.
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Figure 1  Mechanical stimulation modulates stem cell fate

through TGFf signaling pathway activation®. This diagram
illustrates two regenerative patterns under alveolar loss. Left panel:
Under physiological-level mechanical tension, AT2 cells mediate
alveolar stem cell repair through the latent form of TGFf1 and
TGFp receptor 2 (TGFSR2). Right panel: Sustained elevated
mechanical tension triggers TGFf1 activation into mature TGFf,

promoting fibrotic progression
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5% The layered structure of the human epidermis

differentiation
(stratum basale — stratum spinosum — stratum granulosum —
stratum corneum) is color-coded in distinct shades of blue to
highlight each layer's characteristics. Core proteins (e. g., keratin
K5/K14) and melanocytes in the stratum basale are specifically
labeled, illustrating the composition and barrier functions of the

skin
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Table 1 Biomechanical regulatory mechanisms and therapeutic applications

Physical factor

Regulation mechanism

Application

Mechanical factors

nuclear localization regulation!'****"!

Electromagnetic field Low-frequency EMF activates Wnt/f-catenin pathway; high-frequency EMF
activates Erk1/2 pathway”'?*; ROS metabolic regulation

PI3K/Akt/mTOR pathway & Ca**/ROS signaling****!; mitochondrial function

Photobiomodulation

modulation!****)

Multifactorial synergy Combinatorial strategies: mechanics+light, EMF+light, mechanics+EMF'

Integrin-FAK/Rho/ROCK/ERK-MAPK pathways™™***"; PIEZO1”**); YAP/TAZ Bone regeneration, cartilage repair,

angiogenesis***’!

Bone defect repair, neural regeneration,

[32-35] 35,39,40]

spinal cord injury"

Tissue repair, neural regeneration,

medical aesthetics™***"

32,43,45] 35,40]

Complex tissue repair’
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AR PRGSO AL

FIEE S A A A FER PR R .
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