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ABSTRACT: The mechanical characteristics of the extracellular
matrix (ECM) are essential for cellular behaviors, particularly for

mesenchymal stem cells (MSCs) that regulate osteogenic Osteogenic Differentiation
differentiation during bone formation. While mechanical cues and 5“‘2\

metabolic reprogramming have been studied separately, there is C

insufficient understanding of their interrelationship, representing Soit

an important gap in our overall knowledge about stem cell fate and ¢

bone tissue engineering. This review highlights recent research Mechanotransduction
regarding the regulation of glucose metabolism by ECM stiffness ’

during osteogenic differentiation, integrating data from
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mechanotransduction with metabolic pathways. It presents Il

findings from both in vitro and in vivo studies that start to define i
additional important mechano-sensitive pathways that convert ‘ -
ECM stiffness into greater glycolysis and enhanced mitochondrial

function providing the energy and biosynthetic resources needed i
for differentiation. In this review, we consolidate ongoing ’ <
fragmented research into new frameworks that integrate pathways i

more comprehensively and demonstrate its importance to Glucose Metabolism

generating stiffness optimized biomaterials that have regenerative potential.
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stiffness has been established as an important physical signal to
control the behavior of cells”. Extensive research has established
that substrate stiffness directs lineage commitment in a predictable
manner: soft matrices (0.1-1 kPa) promote neurogenic
differentiation, intermediate stiffness (8-17 kPa) favors myogenic
differentiation, while stiff substrates (25-40 kPa) drive osteogenic
differentiation®. This stiffness-dependent differentiation reflects the
mechanical properties of native tissues, with pre-mineralized bone

1 Introduction

Bone formation represents one of the most energy-intensive
biological processes, requiring coordinated mechanical and
metabolic signals to direct mesenchymal stem cells (MSCs)
differentiation toward the osteogenic lineage". The extracellular
matrix (ECM) provides a three-dimensional microenvironment for
cells to inhabit. The ECM provides structural support to the cells, as

well as an information delivery system through multidimensional
signals”. Among the various physical properties of ECM, matrix
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exhibiting stiffness values around 30 kPa".

Cells sense and respond to biochemical signals and physical
signals transmitted by the ECM through specific membrane
receptors that bind to ligands in the ECM". The
mechanotransduction process, whereby cells sense and convert
mechanical stimuli into biochemical signals, involves complex
molecular machinery”. These mechanical signals ultimately
converge on transcriptional programs that reshape cellular
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metabolism to meet the demands of osteogenic differentiation®.

Understanding glucose metabolism in MSCs is especially
meaningful and relevant because it is essential for all aspects of their
functions: survival, proliferation, differentiation, and therapeutic
actions. Metabolism has significant roles in providing energy and
precursors for synthesis, as well as for regulating signaling
pathways. Given the latest advances in metabolomics technologies,
studies show that differentiation processes clearly involve significant
metabolic re-programming®.

The interplay between mechanical properties and metabolic
regulation is crucial not only for fundamental bone biology but also
for developing regenerative strategies for complex tissue interfaces,
including the periodontal soft-hard tissue interface where similar
mechanometabolic principles may apply™. Cells must integrate
information about their mechanical environment with nutrient
availability and energy status to make appropriate differentiation
decisions. This integration occurs through multiple signaling
pathways that link mechanotransduction to metabolic regulation,
creating a sophisticated regulatory network that ensures proper
bone formation in response to mechanical demands.

This review provides a comprehensive examination of how ECM
stiffness  controls glucose metabolism during osteogenic
differentiation. We explore the molecular mechanisms of
mechanotransduction, examine key signaling pathways that link
mechanical signals to metabolic regulation, and discuss the clinical
implications of these findings. By integrating recent advances across
multiple disciplines, we aim to provide a unified understanding of
mechano-metabolic coupling in bone while highlighting future
directions for research and therapeutic development.

2 Mechanotransduction pathways linking ECM
stiffness to cellular responses

This chapter delves into the complex molecular pathways through
which ECM stiffness influences the osteogenic differentiation of
MSCs. We explore how cells sense mechanical properties of their
environment. Various mechanotransduction pathways are involved
in directing MSCs behavior (Fig. 1).

2.1 Integrin-mediated mechanosensing and focal

adhesion dynamics

Integrins are cell surface transmembrane receptors that regulate cell-
ECM adhesion. They connect ECM with the intracellular
cytoskeleton and have a fundamental role in mechanotransduction.
Integrins mainly communicate with ECM elements like fibronectin
and collagen™". Integrin o5/f1 emerges as the predominant
mechanosensor, with experimental evidence demonstrating a 2.1-
fold increase in surface expression on substrates of 62-68 kPa
compared to softer 13-16 kPa matrices"™. This stiffness-dependent
upregulation correlates directly with osteogenic commitment, as
blocking antibodies against integrin a5 suppress osteogenic markers
Collagen Type I Alpha 1 (COL1A1l), Runt-Related Transcription
Factor 2 (RUNX2), and Bone Gamma-Carboxyglutamate Protein
(BGLAP) by 60-70%". The integrin a2 subunit provides
complementary mechanosensing, with siRNA knockdown
reducing mineralization through disruption of downstream
signaling™.

The integrins cluster then recruit a number of focal adhesion
proteins including talin, vinculin, and paxillin, forming larger
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protein complexes as focal adhesions. Focal adhesions (FAs)
transduce ECM stiffness into intracellular signals by dynamically
adjusting their size, composition, and lifetime"”. On soft substrates
(1-10 kPa), nascent adhesions containing primarily integrin (1,
talin, and kindlin form transient connections. As substrate stiffness
increases to osteogenic ranges (25-70 kPa), these adhesions mature
into focal adhesion complexes incorporating over 150 proteins
including vinculin, paxillin, focal adhesion kinase (FAK), and a-
actinin™. In vitro experiment demonstrates that pre-osteoblasts
forming 40% longer focal adhesions on 150 kPa versus 15 kPa
substrates". FAK is recruited to the cytoplasmic tails of integrin {3
subunits, then autophosphorylation. FAK's autophosphorylation
results in binding and activation of Proto-oncogene Tyrosine-
Protein Kinase Src (Src), facilitating the formation of the FAK/Src
complex, which promotes the activity of many molecules”.

Force transmission through focal adhesions activates multiple
signaling cascades. When MSCs are plated on substrates of
osteogenic stiffness (~60 kPa), integrin a5/B1 engagement induces
FAK phosphorylation, which in turn promotes PI3K/Akt
(Phosphoinositide 3-Kinase/Protein Kinase B) activation under
these mechanical conditions. Blocking integrin o5 suppresses
diminishes downstream Akt phosphorylation". In addition,
stiffness activates MAPK (Mitogen-Activated Protein Kinase)
pathways, specifically ERK1/2 (Extracellular Signal-Regulated
Kinase 1/2), and JNK (c-Jun N-terminal Kinase), during osteogenic
differentiation. Hwang et al. provided evidences showing that
human MSCs cultured on 447 kPa hydrogels exhibited
significantly higher phosphorylated ERK and JNK levels compared
to cells on softer 1.37 kPa substrates"®. Sun et al. demonstrated that
MSC:s on stiff polyacrylamide hydrogels (62-68 kPa) showed robust
ERK phosphorylation compared to soft substrates (13-16 kPa)"?.

2.2 Cytoskeletal force transmission

The cellular cytoskeleton experiences significant reorganization in
response to substrate stiffness, with each of its components serving
distinct and interconnected roles in mechanotransduction™. The
cortical actin cytoskeleton develops tension in order to balance
external forces imposed by the mechanical environment and
internal forces being transmitted via the cytoskeleton. On
polyacrylamide (PA) gels with stiffness greater than about 30 kPa,
the actin stress fiber density and thickness increased with substrate
stiffness, resulting in highly organized bundles at the cell
periphery™. These stress fibers connect focal adhesion clusters to
the nuclear envelope, provide rigorous links to provide continuous
transmission of forces through the length of the entire cell.

Non-muscle myosin II pulls on the polymerized actin filaments
and generates intracellular tension that then transmits through the
focal adhesions to the ECM™. This acto-myosin contractile force is
critical in allowing MSCs to generate the traction needed to “sense”
ECM stiffness®. studies have demonstrated that myosin-driven
contractility is critically needed for osteogenic differentiation. In stiff
matrix environments, increased F-actin bundling and stress fiber
formation facilitates generation of greater intracellular tension while
reduced barriers to contraction arise in softer matrices allowing for
cytoskeletal disorganization®.

The Ras homolog family member A/Rho-associated protein
kinase (Rho/ROCK) pathway serves as a central hub connecting
mechanosensing to cytoskeletal dynamics®. ECM  stiffness
transmitted through the cytoskeleton activate RhoA GTPase, which
stimulates ROCK. The Rho/ROCK signaling pathway enhances
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Figure1 Mechanotransduction pathways linking ECM stiffness to cellular responses in MSCs osteogenicdifferentiation. (a) Integrin-mediated mechanosensing and focal
adhesion dynamics: Integrins o and  formheterodimers that bind to ECM ligands and recruit focal adhesion proteins including talin, vinculin, andpaxillin. FAK
autophosphorylation leads to Src binding and activation of downstream MAPK and PI3K/Akt signaling pathways. (b) Cytoskeletal force transmission: ECM stiffness
regulates actin stress fiber formationand organization. RhoA/ROCK signaling enhances actomyosin contractility, promoting stress fiber assembly and cellular tension
generation. (c) YAP/TAZ mechanotransduction: Cytoskeletal tension inhibits Hippopathway kinases (MST1/2, LATS1/2), leading to YAP/TAZ dephosphorylation and
nuclear translocation. Nuclear YAP/TAZ complexes with TEAD transcription factors to regulate gene transcription. (d) Mechanosensitive ion channels: ECM stiffness
activates mechanosensitive channels such as Piezol and TRPV4, leading to calcium influx. Increased cytoplasmic calcium activates downstream signaling pathways

including calmodulin/calcineurin, NFAT, and Akt, which coordinate osteogenic differentiation programs.

actomyosin contractility via phosphorylation of the myosin light
chains, increasing myosin II activation and enabling new actin
stress fiber assembly. This is necessary to establish cytoskeletal
tension and maintain cell shape®. The RhoA/ROCK pathway
increases actomyosin contractility and spread cell morphology
while increasing intracellular tension. A flattened and spread
morphology of cells, especially osteoprogenitors, has been shown to
promote osteogenic differentiation significantly. Wang et al. have
shown that RhoA regulated cytoskeletal tension, which is important
for directing differentiation behavior””. ROCK inhibition with Y-
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27632 reduces ERK1/2 phosphorylation by 60-70% and blocks
osteogenic differentiation, while constitutively active RhoA rescues
osteogenic marker expression even on soft substrates".

2.3 YAP/TAZ as master mechanotransducers

Although YAP/TAZ (Yes-Associated Protein/Transcriptional Co-
Activator with PDZ-Binding Motif) are classical effectors of the
Hippo kinase cascade, Studies showed that stiffness-driven nuclear
translocation persists even when Large Tumor Suppressor Kinase
1/2 (LATS1/2) activity is unaltered, indicating a Hippo-independent
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mechanism tethered to cytoskeletal tension™. Increased cytoskeletal
tension mediated by ROCK mechanically inhibits the activity of
MST1/2 (Mammalian Sterile 20-like Kinase 1/2) and LATS1/2. This
leads to  decreased  phosphorylation of  YAP/TAZ.
Dephosphorylated YAP is free to translocate. ECM stiffness
deforms the nucleus by flattening it and stretching nuclear pores,
thus promotes their nuclear translocation and subsequent
activation of gene expression”. RhoA/ROCK also triggers ERK.
ERK decreased LATS1/2 activity, reduced YAP phosphorylation,
enhancing YAP/TAZ nuclear localization™. Researchers first
reported that human MSCs cultured on stiff matrices (40 kPa)
exhibit robust nuclear YAP/TAZ localization and upregulation of
osteogenic markers, whereas those on soft gels (0.5 kPa) display
cytoplasmic retention and neurogenic fate. Genetic knockdown of
YAP/TAZ abrogated stiffness-induced differentiation, while
expression of constitutively active YAP bypassed physical
constraints, demonstrating functional requirement for these co-
activators in mechanotransduction.

24 Mechanosensitive ion channels orchestrate rapid
calcium signaling

Mechanosensitive ion channels provide rapid calcium-mediated
responses to substrate stiffness. On bone-mimetic rigid substrates,
enhanced focal adhesion assembly and actomyosin contractility
amplify membrane tension and local deformation. Actomyosin
contractility transmits forces to the plasma membrane, increasing
bilayer tension and local curvature, which gates mechanosensitive
channels, such as Piezol and TRPV4. Piezol opening via strain-
induced conformational changes to permit Ca* influx". Piezol
channels demonstrate maximal currents of 152.3 + 21.6pA in
MC3T3-E1 osteoblasts under mechanical stimulation, with
knockout cells showing significantly reduced responses™. In
addition, TRPV4 senses matrix viscoelasticity in three-dimensional
microenvironments and engages in a reciprocal feedback loop with
cell volume expansion™.

Mechanosensitive ion channels elicit ion calcium flux that is
decoded downstream by calcium sensors, such as calmodulin and
calcineurin, which initiates downstream signaling pathways, such as
nuclear factor of activated T cells (NFAT), MAPK, and Akt
pathways***.. In one example, calcium/calcineurin-NFAT signaling
pathway enhances Wnt/B-catenin signaling partially by providing a
mechanism by retaining B-catenin in the nucleus. calcium influx
into the cytosol has also been shown to have a coupling with
PI3K/Akt and MAPK to create a feed-forward loop to support
stabilization of RUNX2. Furthermore, the function of calcineurin
has been shown to support RhoA/ROCK signaling to control
cytoskeletal contractility to subsequently support later activation of
mechanosensitive calcium channels and maturation of focal

adhesions®".

3 Glucose metabolism in

differentiation

osteogenic

The transition from a stem/progenitor state to a differentiated
lineage often necessitates significant metabolic reprogramming,
shifts in the utilization and flux through key metabolic pathways™.
This metabolic transformation is orchestrated by an intricate
network of transcriptional regulators, signaling pathways, and
metabolite driven mechanisms that coordinate energy production
with biosynthetic demands for bone matrix formation.
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3.1 Glycolysis and oxidative phosphorylation

The metabolic reprogramming of MSCs during osteogenic
differentiation represents one of the most dynamic and
controversial areas in stem cell biology. Undifferentiated MSCs are
usually found in a hypoxic environment. Nevertheless, they mainly
rely on glycolysis for energy, even in aerobic environment, to
support their demand for fast proliferation and self-renewal.
Additionally, undifferentiated MSCs exhibit lower mitochondrial
respiratory activity, producing relatively low amounts of Reactive
Oxygen Species (ROS) to protect cells from oxidative harm®.

As cells commit to the osteogenic lineage, they exhibit a biphasic
metabolic pattern that reflects the changing energy demands of
differentiation. Upon osteogenic induction, cells progressively
enhance mitochondrial biogenesis and Oxidative Phosphorylation
(OXPHOS) activity”. During this process, energy metabolism
shifts from glycolysis to an increased dependence on mitochondrial
respiration®. In the early commitment and proliferation phases
days 1-7, cells maintain moderate glycolysis metabolic activity while
dramatically enhance their mitochondrial capacity®. The first
critical metabolic switch occurs between days 7-9, marked by initial
Hexokinase 2 (HK2) and Pyruvate Kinase M2 (PKM2)
downregulation. Cells then transition to a phase where they
preferentially use aerobic glycolysis despite maintaining their
enhanced mitochondrial capacity™. Days 14-16 represent the
second major transition point, where glycolytic enzyme expression
reaches its nadir while oxidative phosphorylation achieves peak
capacity. By days 21-28, the mature metabolic phenotype stabilizes
with sustained low glycolytic enzyme levels but preserved glycolytic
capacity for emergency energy needs™. Oxygen consumption rates
increase significantly, with differentiated osteoblasts showing 2-fold
higher mitochondrial ATP synthase flux compared to
undifferentiated MSCs"". This metabolic shift is crucially important
to help accommodate the increased energy demands associated
with matrix mineralization and bone matrix protein synthesis by
the osteoblasts**. The use of acute mitochondrial complex
inhibitors such as rotenone, have been shown to inhibit osteoblast
differentiation™. As MSCs commit to osteoblast differentiation,
mitochondrial fusion is also important for retaining metabolic
bioenergetic capacity™.

3.2 Glucose transporter (GLUT) dynamics

The increased glucose demands of differentiating osteoblasts
require coordinated upregulation of glucose transporter systems"*.
GLUT1 serves as the primary transporter in early proliferating
precursors, with expression levels critical for differentiation
capacity™. GLUT1, abundant in undifferentiated MSCs, undergoes
rapid downregulation during osteoblast differentiation™. GLUT1
expression decreases by up to 80% within 12 days of differentiation,
establishing a critical metabolic checkpoint™. This downregulation
is mediated by tumor suppressor p53, which directly binds to the
SLC2A1 (GLUT1) gene promoter™. GLUT3 maintains stable
expression throughout differentiation, providing high-affinity
glucose transport capacity. Its high-affinity transport capacity
ensures basal glucose uptake even in low-glucose conditions.
GLUT4, traditionally associated with insulin-responsive tissues,
shows remarkable upregulation during osteoblast differentiation,
with expression increasing up to 5-fold™.

3.3 The pentose phosphate pathway (PPP)

The PPP, divided into oxidative and non-oxidative branches, serves
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dual functions in osteogenic differentiation. The oxidative branch
produces Nicotinamide Adenine Dinucleotide ~Phosphate
(NADPH), maintaining cellular redox balance and protecting
osteoblasts from oxidative stress damage; the non-oxidative branch
produces ribose-5-phosphate, providing key precursors for nucleic
acid synthesis®. NADPH production through the PPP is essential
for maintaining cellular redox balance, especially during the high
metabolic demand™. Notably, the relationship between PPP and
osteogenic differentiation warrants further investigation. Some
studies suggest that proliferating MSCs exhibit elevated PPP activity
to generate NADPH and ribose- 5- phosphate for nucleotide
synthesis and reductive biosynthesis®. Stable isotope tracing with
13C-labeled glucose in bone marrow stromal cells (BMSCs) and
osteoblasts revealed high labeling in PPP intermediates but low in
late glycolysis or TCA cycle metabolites. This indicates glucose is
mainly routed to PPP for biosynthesis, while glutamine supports
mitochondrial metabolism. This pattern persists during 15 days of
osteogenic differentiation, highlighting PPP's role in sustaining
proliferation and matrix production®. Treatment of MSCs with
inhibiting the key PPP enzyme G6PD (glucose-6-phosphate
dehydrogenase) during osteogenic induction reduced ALP staining
and activity by >50% and lowered intracellular NADPH levels,
directly impairing early osteogenic markers™.

3.4 Regulatory networks orchestrate glucose metabolism

341 mTOR

The mammalian target of rapamycin (mTOR) signaling pathway
responds to multiple growth-factor, nutrient and energy signals,
integrating those signals to adapt cellular metabolism to distinct
stages of cellular commitment. Through the mTORCI1
(Mammalian Target of Rapamycin Complex 1) and mTORC2
(Mammalian Target of Rapamycin Complex 2) complexes it
regulates osteoblast proliferation, osteoblast differentiation, and
osteoblast matrix production, albeit with distinct context with
respect to osteoblast lineage commitment stages®".

During the early stage of osteoblast differentiation, mTORC1
activates and subsequently phosphorylates HIF-la (Hypoxia-
Inducible Factor 1 Alpha) factors to initiate aerobic glycolysis.
Alongside the stimulation of the enzymatic process, mTORC1
drives the glycolytic flux to one pathway to synthesize NADPH to
support redox balance, and ribose-5 phosphate to support
nucleotide biosynthesis through the PPP pathway™. As osteoblast
differentiation progresses, mMTORCI impacts expression of PGC-1a
(Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1
Alpha), promoting translation of factors needed for mitochondrial
biogenesis and electron-train complexes. Increased mitochondria
and assembly of the electron transport chain complexes promotes
ATP synthesis via aerobic processes advancing efficient energy for
supporting collagen cross linking and matrix mineralization®.

In contrast, mTORC2 is thought to be an energy metabolism
fine-tuner likely integrating pathways involving AKT that control
factors associated with aerobic glycolysis, and throughout osteoblast
maturation, mTORC2 will promote the transition from aerobic
glycolysis to OXPHOS through by impacting PGC-1a and the
pathway to mitochondrial biogenesis®™. The genetic deletion of
mTORC2 components impairs osteoblast differentiation while also
promoting adipogenesis™. This highlights its essential role in
osteogenic lineage specification.
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342 HIFl-«

HIF1-a is another transcription factor that regulates glycolysis.
HIFla upregulates glycolytic enzymes pyruvate dehydrogenase
kinase 1 (PDK1), which inactivates Pyruvate Dehydrogenase
(PDH) and thereby blocks the use of pyruvate into acetyl-CoA for
entry into the tricarboxylic acid (TCA) cycle. Additionally, lactate
has been documented to stabilize HIFl-a, thereby inducing
osteogenic  differentiation®™.  Once  stabilized, = HIFl-a
transcriptionally induces glycolytic enzymes Lactate Dehydrogenase
A (LDHA) and the monocarboxylate transporter (MCT4) thereby
increasing both glycolytic flux and lactate export. This feed forward
loop maintain a sustained high lactate state while reinforcing
osteogenic gene programs in differentiating osteoblasts™. Notably,
HK2 also plays a role in regulating HIF1-a stability and thereby
induces glycolysis related gene expression to supportive feed
forward loop to promoting the state of osteogenic differentiation™.

3.4.3 RUNX2

RUNZX?2 is best known as the “master switch” of osteoblast gene
expression, but emerging evidence shows it also directly reprograms
metabolism, during differentiation. Upon osteogenic induction,
RUNX2 directly upregulates the glucose transporter GLUT1 and
rate-limiting glycolytic enzymes HK2, boosting glucose uptake and
glycolytic flux in osteoprogenitors®. High levels of intracellular
glucose stabilize Runx2 protein by inhibiting AMP-activated
protein kinase (AMPK). AMPK is activated during energy
deficiency and promotes proteasomal degradation of RUNX2; high
glucose levels inhibit this process, preventing RUNX2 degradation
and allowing it to accumulate®™. RUNX2 also cooperates with PGC-
la by upregulating factors NRF1(Nuclear Respiratory Factor 1) and
TFAM(Transcription Factor A, Mitochondrial) that promote
mitochondrial DNA replication and electron transport chain
assembly, increasing mitochondrial mass and activity shift ATP
production from glycolysis to OXPHOS™.

344 AMPK

AMPK is a crucial energy sensor that maintains cellular energy
homeostasis. Activation of AMPK occurs when ATP levels drop,
then activate catabolic pathways that generate ATP and inhibiting
energy-consuming processes®’. During differentiation, AMPK is
activated by a low intracellular energy status. AMPK promotes
glucose uptake by enhancing the GLUT4 to the plasma
membrane”, AMPK can also directly promote glycolytic flux
through phosphorylating and activating 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase (PFKFB), increasing expression
of hexokinase II and modulating pyruvate kinase M2 (PKM2)
activity'. Osteogenic differentiation of mesenchymal stem cells was
associated with early (day 1) activation of AMPK and its target
Raptor, coinciding with the inhibition of mTOR and its substrate
p70S6 kinase. This was followed by the late activation of
Akt/mTOR at days 3-7 of differentiation.

4 Molecular mechanisms of ECM  stiffness-
mediated glucose metabolic regulation

Extensive research demonstrates that metabolic reprogramming is
not merely a concurrent phenomenon of osteogenic differentiation
but a necessary driver of the differentiation process. This
perspective positions cellular metabolism not as a passive response
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to differentiation cues but as an active determinant of cell fate
decisions in the osteoblast lineage. The stiffness of the ECM
profoundly impacts glycolytic activity during osteogenic
differentiation through multiple related mechanotransduction
Mechanisms (Fig. 2).

4.1 Cytoskeletal tension links ECM stiffness to

metabolism
The finding that mechanical forces directly regulate cellular
metabolism has uncovered a complex mechanism of

mechanometabolic  coupling™. ~ Cytoskeletal tension directly
modulates glycolytic enzyme activity through remarkable spatial

organization. On stiff substrates, stress fiber formation sequesters
the E3 ubiquitin ligase TRIM21 (Tripartite Motif Containing 21),
preventing it from targeting phosphofructokinase (PFK) for
degradation. Conversely, soft substrates trigger stress fiber
disassembly, releasing TRIM21 and reducing glycolytic capacity
through PFK degradation®. ECM stiffness also controls the
subcellular localization of metabolic machinery. Stiff substrates
promote perinuclear clustering of glycolytic enzymes, creating
metabolic microdomains that efficiently channel ATP to energy-
demanding processes”. This spatial organization optimizes
metabolic efficiency during the energy-intensive process of matrix
synthesis. The actin cytoskeleton serves as a mechanical rheostat
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Figure2 Molecular mechanisms of ECM stiffness-mediated glucose metabolic regulation during osteogenicdifferentiation. (a) Cytoskeletal tension-mediated metabolic
regulation: ECM stiffness promotes stress fiberformation, which sequesters E3 ubiquitin ligase TRIM21, preventing phosphofructokinase (PFK) degradationand
maintaining glycolytic capacity. Stress fibers also facilitate perinuclear clustering of glycolytic enzymes, creating metabolic microdomains. RhoA/ROCK signaling activates
mTOR and inhibits AMPK, promoting glycolytic flux. (b) YAP/TAZ-mediated metabolic reprogramming: Nuclear YAP/TAZ complexes with TEADtranscription factors
to directly upregulate glycolytic enzymes and glucose transporters (GLUT1, GLUT4). YAP/TAZ also promotes mitochondrial biogenesis through PGC-1a activation,
facilitating the metabolic transition from glycolysis to oxidative phosphorylation (OXPHOS). (c) Calcium signaling pathway: Mechanosensitive ion channels
(Piezol/TRPV4) mediate calcium influx, which activates AMPK through calcium/calmodulin-dependent protein kinase (CaMKK). Calcium signaling also activates
NFAT, which regulates both nuclear and mitochondrial gene expression to fine-tune the balance between glycolysis andoxidative phosphorylation. (d) Mitochondrial
dynamics: ECM stiffness promotes mitochondrial fusion through increased mitofusinl/2 (Mfnl/Mfn2) expression and decreased DRP1 activity, leading to elongated,
interconnected mitochondrial networks that enhance respiratory efficiency and ATP production during osteogenic differentiation.
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controlling metabolic enzyme activity. F-actin polymerization state
correlates  directly with glycolytic flux capacity, while
depolymerization =~ reduces  metabolic  activity®.  The
mechanosensitive metabolic regulation involves both direct enzyme-
cytoskeleton interactions and indirect effects through
mechanotransduction signaling. The dynamic nature of cytoskeletal
remodeling enables rapid metabolic adaptation to changing
mechanical environments.

Cytoskeletal tension induced RhoA/ROCK signaling pathway
activate numerous mechanistic alterations in  glycolysis.
RhoA/ROCK signaling can activate mTORCI, which inhibits prolyl
hydroxylases and stabilizes HIF-1a under normoxic conditions'.
In addition to the latter physiological anticipations, there exists
cross-talk between the RhoA/ROCK signaling pathway and AMPK
pathways. On stiff substrates, RhoA/ROCK signaling inhibits
AMPK activity and relieves AMPK-mediated constraint on
glycolysis; thus decreasing PFK phosphorylation and degradation
thereby enabling higher glycolytic flux™. A study has shown that
the inhibition of ROCK reduces cytoskeletal tension, thus leading to
AMPK activation.

4.2 YAP/TAZ-mediated metabolic reprogramming

The ECM stiffness modulates the transcription of glycolytic
pathway components via the activation of YAP/TAZ in cells,
thereby propelling the cells to a higher ATP state™”. YAP/TAZ
binds to TEAD (TEA Domain Transcription Factor) transcription
factors to assemble a complex that assists with the direct regulation
of expression for metabolic genes. The complex facilitates elevated
levels of expression for the glycolytic metabolic enzymes HK2,
PFK1 and LDHA™. YAP/TAZ also enhances GLUT1 and GLUT4
translocation to the plasma membrane™. The complex also co-
activates RUNX2 indirectly as a key regulatory prompt to surge
glycolysis. Beyond glycolysis, the YAP/TAZ signaling pathway
regulatory influences regarding mitochondrial biogenesis via
activated transcription of PGC-1a..

Recently, the concept of mechanical memory represents a
paradigm shift in understanding cellular mechanotransduction.
MSCs retain information from past mechanical environments
through YAP/TAZ nuclear retention and stable epigenetic
modifications™. Assay for Transposase-Accessible Chromatin using
Sequencing (ATAC-seq) studies reveal ~2,000 mechanosensitive
enhancers with differential activity on soft versus stiff substrates.
These "mechanoenhancers” show enrichment for TEAD and
Activator Protein 1 (AP-1) binding motifs, connecting YAP/TAZ
and stress-activated pathways to chromatin accessibility Stiff
matrices induce extensive chromatin remodeling characterized by
increased H3K27ac (Histone H3 Lysine 27 Acetylation) at
osteogenic enhancers and H3K4me3 (Histone H3 Lysine 4
Trimethylation) at promoters”™. In another study, mechanical
priming for >3 days creates irreversible changes, with memory
persisting 3-10 days after stimulus removal. The memory involves
H3K9me3 remodeling, DNA hypomethylation at osteogenic
promoters, and 3D chromatin architectural changes including TAD
(Topologically Associating Domain) reorganization on stiff
matrices”™.

4.3 Calcium signaling pathway

Multiple studies showed that the activity of calcium pathways was
important in maintaining high glucose metabolism especially
during osteogenic differentiation. The stiffness of the three-
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dimensional (3D) matrix modulates the energy metabolism that is
associated with osteogenic differentiation via the mechanosensitive
ion channel Piezol and the activation of the AMPK signaling axis.
AMPK can also activate by upstream kinases, predominantly liver
kinase Bl (LKB1) and calcium/calmodulin-dependent protein
kinase (CaMKK), as CaMKK-mediated activation is more
pronounced during acute changes in cellular energy states, such as
those induced by calcium signaling. Specifically, a higher matrix
stiffness  significantly increases expression of Piezol and
intracellular calcium levels, which in turn activates the AMPK-
ULK1 signaling axis regulating autophagy and increase ATP
utilization, thus promoting differentiation of osteoblasts toward an
osteogenic lineage™. Extracellular calcium influx through Piezo
calcium channels activates NFAT that regulates genes in the
nucleus and binds to the D-loop (Displacement Loop) of
mitochondrial DNA to regulate nuclear and mitochondrial gene
expression that fine-tune the balance between oxidative
phosphorylation and glycolysis™'.

44 Mitochondrial dynamics

Stiffness  greatly influences mitochondrial morphology and
dynamics, particularly fission and fusion. Stiffness increases
mitochondrial fusion by increasing mitofusinl/2 expression. Cells
show enhanced mitochondrial biogenesis with increased mass and
number and coordinated increases in antioxidant enzymes to
manage elevated reactive oxygen species production®. Decreasing
DRP1 (Dynamin-Related Protein 1) activity leading to elongated,
interconnected networks that maintain maximal respiratory
efficacy®. Oxygen consumption rate (OCR), ATP production, and
expression of the respiratory chain complexes increase significantly
on stiff matrices during mid to late stages of osteogenic
differentiation. Low stiffness leads to short, round mitochondria
with an imbalance of fusion/fission leading to decrease in OXPHOS
efficiency™. Bioenergetic analysis reveals that stiff substrates
promote 2-4 fold increases in maximal respiratory capacity,
improved mitochondrial coupling efficiency, enhanced spare
respiratory capacity providing stress resilience, and optimized
proton leak for efficient ATP synthesis™.

45 PI3K/Akt pathway

Gene chip analyses revealed the pathway was highly correlated with
ECM stiffness, and AKT phosphorylation was evidently affected in
5th-7th days after ECM stiffness stimulation in human bone
marrow mesenchymal stem cells®. hMSCs on stiff ECM (62-68
kPa) showed upregulated integrin a5, FAK, p-ERK, p-Akt, and p-
catenin, with enhanced osteogenic markers™. In another hand, the
PI3K/Akt pathway is well-established as a regulator of glucose
metabolism during osteogenic differentiation®”. However, the
direct mechanistic link showing ECM stiffness specifically regulates
glucose metabolism via the PI3K/Akt pathway is not definitively
established in the current literature. Causal relationship requires
further investigation.

5 Clinical implications transform  bone
regeneration strategies
5.1 Biomaterial design principles leverage

mechanometabolic coupling
Understanding ECM stiffness-mediated metabolic regulation has
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revolutionized biomaterial design for bone tissue engineering. The
established optimal stiffness range of 25-40 kPa guides material
selection and processing to achieve mechanical properties that
maximize osteogenic differentiation while supporting cellular
metabolism®. Modern scaffolds incorporate this knowledge
through multiple strategies: using calcium phosphate ceramics like
B-tricalcium phosphate with 70+5% porosity to balance mechanical
support with nutrient transport®. Tunable hydrogels demonstrate
that bone-mimicking stiffness combined with adhesive ligands
optimizes metabolic energy allocation for osteogenic differentiation,
as measured by increased calcium deposition and protein
expression®. Material chemistry must support appropriate
mechanotransduction while permitting metabolic adaptation. For
instance, silicon-enhanced biomaterials have been shown to
facilitate functional mitochondrial transfer, significantly improving
vascularization (up to 1.5-fold) and innervation in bone defects,
while optimizing metabolic responses to ECM  stiffness®.
Hydrogels based on polyethylene glycol, alginate, or hyaluronic acid
can be tuned to desired stiffness while incorporating Arginine-
Glycine-Aspartic Acid (RGD) peptides for integrin engagement®.
Emerging personalized strategies include patient-specific scaffolds
created through 3D printing to match individual anatomy and
mechanical requirements, biomarker-guided therapy using
mechanotransduction markers to optimize treatment selection, and
adaptive systems with materials responding to patient-specific
mechanical environments®. Future developments point toward
smart biomaterials that sense local mechanical and metabolic
conditions to adjust properties accordingly, integration with
wearable devices for real-time monitoring of bone mechanical
loading and metabolic responses.

5.2 Clinical implications

Dysregulation of ECM stiffness is linked to pathological conditions.
Study noted that ECM stiffness dysregulation contributes to bone-
related disorders, suggesting that understanding stiffness could help
in diagnosing and treating such conditions. In the aging process
and glucocorticoid-induced osteoporosis, bone loss is caused not
only by unbalanced bone resorption but also by impairment of
MSCs' commitment towards the osteogenic lineage®™. Age-related
changes decrease mechanosensitivity in elderly patients, requiring
adjusted therapeutic strategies. Disease states like osteoporosis and
diabetes alter baseline bone metabolism and mechanical responses.
For example, hyperglycemia associated with diabetes produces
advanced glycation end-products (AGEs) in the ECM, which will
alter mechanical properties, interfering with the nature of normal
mechanosensing. This alteration of mechanical properties is an
interaction that is both mechanically and metabolically mediated™.
Understanding ECM  stiffness-metabolism interactions offers
therapeutic targets for enhancing osteogenic commitment and
metabolic interventions to improve bone quality.

6 Conclusion

This comprehensive review illustrates the complex relationship
between ECM stiffness and glucose metabolism in the process of
mesenchymal stem cells osteogenic differentiation. Our review finds
that the two regulatory mechanisms function as a complete system
rather than  parallel processes. The interaction of
mechanotransduction pathways and metabolic regulation presents
a major advancement in unpacking the complexity of bone
formation mechanisms.
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Cytoskeletal tension, YAP/TAZ, and calcium signaling pathways
represent important overlapping molecular intersections that not
only respond to matrix mechanics but also orchestrate metabolic
reprogramming. Evidence indicates that coordination between
mechanical sensing and metabolic shifts is essential for proper
osteogenic progression. This interaction is suggested to be designed
to be self-regulating by design, where the ECM stiffness contributes
to cell metabolism, which then contributes to the cells capacity to
generate and remodel the ECM.

The value of this integrated perspective is not only theoretical. It
also gives mechanistic insight into how metabolic disorders like
diabetes, which are able to degrade bone quality. It gives a
biomimetic rationale for developing next-generation bone tissue
engineering scaffolds that capture the mechanical and metabolic
signals necessary for osteogenesis.

While these insights are well-founded, there are limitations that
must also be recognized. A large number of the currently available
evidence was derived from in vitro examples using artificial
substrates that cannot fully simulate the complex, dynamic
microenvironment in which native bone develops. In addition to
this some technological limitations have still meant that greatly
significant aspects of studying the differentiation process; including
mechanical forces, metabolic fluxes, and matrix remodeling cannot
be considered simultaneously which has been a limitation on
studying differentiation in vivo.
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