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Fig. 1 Schematic illustration of how matrix stiffness regulates five behaviors and functions of endothelial cells
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P, HIREE SCIETRTRA X 70 48 i 25 v i A 4
RTINS e V[ | X HEB o il [ o A
HHIG AT L, T EEAE A SC s S o, &%
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Jo 340 W] S 4 o - AR ARG A AR 2R PN B - [A) o
¥ fkb  (endothelial-to-mesenchymal transition,
EndMT), 3K3f ) LT 2E 40 i 434k, Jn sk A i 2
etk

TEBEEIEE T, G A AL B I = S kN
FOIRe ) R4 . PRI, BLRUERE 5
KW (2920 kPa) LT AT i ECs fEAERIERS h
RIS A P, A F) T 400 N R p e 5
[, A BRI B IR A A T ECS IE A B R
U I 21 4R B AN RS I A B) 34 4%, P ECM
(AT e 20 28 5 1l A RE R 25 A A, (B TR 2,
LIRS ok e A Ak e A2 rh Y R BT A fk. (PR IR T
UURD) 55 IBE X Sl SR fh (DR E5 A b R e
WK, FEPN R JZ ™ A AN [R]85 0 —— T
A RERTRN AR SRS, S W RGP 3 N
FEEESEE IR . LRk, RSB T,
AR A BN B (9 12 O R N RS . B
A6 S RN/ P A PIMRHREE Y DGR, T B
X — it R R PR
2.2 fif

TEMER B e b, HENIESREE “XI]
S A E RN A B A Sh PR I
EHAERRTEE, T B B 2 B A A D) 2 R
TGN BB S . BRBh2F Ak i e A% DAL R 3R
IEH Al AL SR 24 0.5~3 kPa, ZMERlfiG, %
$iE A ECM 5 99 AT S B0UR BRI B2 A B 50, il 4 il
L1 A Ak B8 B ke e SR M FR AR TT, FE T
AU TR R 10 KPa LA b B0 e it i A A 3 iet
Z FHLHI N DIBE I FHAHE S . W R
7% Ras [A] % A (Ras homolog family member A,
RhoA) -Rho #5134 (Rho-associated protein
kinase, ROCK) 55 i, o JILERER H 4% bk w
R A5 4R IS 4E 7T, W3R VE-cadherin S5 3542,
HIESHN LB RE R AT 0 FEBTRE AR BK 5l
Jifi 2 Bk ECs A& A= QI 8 g 72, HIF-lo 2 fb 2
YAP/H 7 PDZ %5 & 3 ¥ 1) &% 56 4L B0s N
(transcriptional coactivator with PDZ-binding motif,
TAZ) oG HL [l 240 B S o 14 58 55 e SRR
WAL, MRS R 3 2o B- 3% P AR /Wt {5 538 #E A2
#E TGF-B i 51 EndMT, 3 — 20 F 45 i 9 B 48 i
TR, WM, B 4l -ia -5

WA WRBIETEER B

(HARERER I, IlER ECs 4RI EE Ak B 16 52 1
e o E A e BRI AE L T (2 kPa,
AT IEW I ZY) bawy, 7EPSENIE (12 kPa)
WFREAR, MAERBERIE (25~72 kPa) T X 5% Tt
W, IR A XU, TR A
BRI, BARAEERNIE (0.5~3 kPa) AFIT M
SRR YRR B AN NG P25 i D REPE EE A, 1T P
P o () 5 BT A AL UK ECs #E ) Dy e etk . i
FEHE— LRI, T35 IS ECs Y U2 IS
R, YAP/JRWLEREE (132 /K34 B (tropomyosin
receptor kinase B, TrkB) 155l i) 5 5 5 22 %
5548 SR R UM G, T HIF-1a 4 5 19 R 8
PEESS 5 BT e ke R M A ik, (HAEEBTAEfL
S RSB T | A S 1) e B A R 4F 4 Ab
e B Bt TR e T, B ik R T R
WA, HEr AR BRI R A ) A oA, R IRBR
FEDIRE . HESHA R A A I F e e 2P Ak R A%
ORI
2.3 BREE

TENFHER S b, o B 28 Aok 1
N 4 g (liver sinusoidal endothelial cells,
LSECs) FAVFIFNE M4 A B doE M, 1F
HFWENIE A 0.5~5 kPa, 1 fF£F 4E4LI ECM 2
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Fig. 2 Schematic of substrate stiffness—modulated mechanotransduction in endothelial cells
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Abstract Tissue repair requires the reconstruction of functional vascular networks to restore oxygen and
nutrient delivery, eliminate metabolic waste, and maintain tissue homeostasis. Although biochemical factors such
as growth factors and cytokines have been extensively studied in vascular regeneration, increasing evidence
indicates that mechanical signals from the extracellular matrix (ECM) are equally important regulators of
angiogenesis. Matrix stiffness, as a major biomechanical property of the tissue microenvironment, provides
critical information that influences endothelial cell (EC) behavior and vascular remodeling through
mechanotransduction. However, the biological effects of matrix stiffness are not universally defined as either pro-
or anti-angiogenic, but are highly dependent on tissue context, cellular composition, disease progression, and the
dynamic changes occurring during tissue repair. Therefore, understanding how matrix stiffness regulates vascular
regeneration is essential for developing more precise strategies for tissue engineering and regenerative medicine.
In this review, we summarize recent advances in the regulation of angiogenesis by matrix stiffness during tissue
repair from multiple perspectives. First, we discuss the direct effects of matrix stiffness on EC behaviors,
including differentiation, morphological remodeling, migration, proliferation, barrier maintenance, and vascular
network formation. ECs sense mechanical alterations in the surrounding matrix through various mechanosensitive
structures, including integrins, focal adhesion complexes, and mechanosensitive ion channels such as Piezol and
TRPV proteins. These mechanical signals are subsequently transmitted through intracellular pathways involving
FAK, RhoA/ROCK, MAPK, and Hippo-YAP/TAZ signaling, leading to cytoskeletal reorganization and
transcriptional regulation. Through these mechanisms, matrix stiffness regulates endothelial functional states and
determines the balance between regenerative vascular formation and pathological vascular remodeling. Beyond
the direct regulation of ECs, we further highlight the importance of stiffness-mediated intercellular
communication within the regenerative microenvironment. Matrix stiffness can regulate the behavior and
secretory profiles of vascular-associated cells, including mesenchymal stem cells and macrophages, thereby
indirectly affecting endothelial function through paracrine mechanisms. Changes in matrix mechanics influence
the secretion of angiogenic factors, inflammatory cytokines, and extracellular vesicles from these cells, creating a
mechanical regulation network that coordinates vascular regeneration. This perspective extends the traditional
concept of matrix stiffness from a physical support structure to an active regulatory signal that integrates multiple
cellular responses during tissue repair. Furthermore, we discuss the tissue-specific effects of matrix stiffness in
vascular regeneration across different organs, including the aorta, lung, liver, and heart. Although excessive matrix
stiffening is frequently associated with fibrosis and vascular dysfunction, the consequences of mechanical changes
vary considerably among tissues. Moderate stiffness alterations may support endothelial activation and vascular
stabilization in certain regenerative contexts, whereas persistent pathological stiffening can promote
inflammation, endothelial dysfunction, and impaired vascular repair. These findings emphasize that the biological
meaning of “soft” and “stiff” microenvironments should be interpreted according to specific tissue and
experimental conditions rather than as universal mechanical classifications. Finally, we summarize current
challenges and future perspectives in this field. A major limitation is the lack of standardized mechanical
characterization among different studies, as stiffness measurements are influenced by material properties, testing
methods, and experimental conditions, limiting direct comparison across research systems. Moreover, most
existing models fail to fully reproduce the dynamic and viscoelastic properties of native ECM during tissue
regeneration. Future studies should combine advanced biomaterials with standardized mechanical analysis,
organoid models, and multi-omics approaches to establish more accurate mechanical regulatory maps. Overall,
this review proposes that matrix stiffness is not merely a structural feature of tissues, but an active biological
signal that regulates vascular regeneration through coordinated mechanotransduction and multicellular
interactions. A deeper understanding of stiffness-mediated vascular regulation will provide new theoretical
insights and therapeutic opportunities for improving tissue repair outcomes.
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