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Introduction

The extracellular matrix (ECM) is far more than inert scaffolding; it is a dynamic
and interactive microenvironment that profoundly influences cellular behavior, tis-
sue development, and disease progression. Understanding these intricate cell-
matrix interactions is crucial for elucidating fundamental biological processes and
developing novel therapeutic strategies.

One significant area of investigation ismechanotransduction, the process by which
cells sense and respond to mechanical cues from their surrounding ECM [1].
Specifically, this involves how mechanical properties, such as stiffness, trigger
intracellular signaling pathways. This phenomenon is particularly critical in the de-
velopment and progression of fibrosis, with studies actively exploring key signaling
pathways involved and potential therapeutic strategies targeting these interactions
to combat fibrotic diseases [1].

The ECM also serves as a dynamic niche that profoundly influences stem cell
behavior [2]. This includes crucial aspects like self-renewal, differentiation, and
tissue regeneration. Research delves into the molecular mechanisms by which
the ECM regulates stem cell fate, highlighting the immense therapeutic potential
of manipulating these interactions for various regenerative medicine applications
[2].

In the context of disease, cell-matrix interactions play a critical role in driving the
aggressive progression and metastasis of cancers, such as pancreatic cancer [3].
Investigations detail how altered ECM stiffness, composition, and specific signal-
ing molecules contribute significantly to tumor growth, invasion, and resistance to
therapy, offering vital insights into potential targets for intervention [3]. Similarly,
mechanosensing in cancer examines how cancer cells perceive and respond to
the physical properties of their ECM, including stiffness and topography [4]. These
cell-ECM interactions are known to influence cancer initiation, progression, and
metastasis, leading to emerging strategies that aim to disrupt these mechanical
cues as novel therapeutic approaches [4].

The impact of ECM stiffness on a wide array of cell behaviors, including prolifera-
tion, differentiation, migration, and apoptosis, is a central theme in many studies
[5]. These works summarize the biophysical mechanisms by which cells sense
and transduce mechanical signals from their environment, underscoring the fun-
damental importance of ECM stiffness in both physiological processes and disease
pathogenesis [5].

Furthermore, intricate cell-matrix interactions are pivotal in driving cardiovascu-
lar remodeling, a process central to many heart diseases [6]. Research in this
area discusses how both mechanical and biochemical signals emanating from the
ECM influence cardiomyocyte function, fibroblast activation, and immune cell re-

sponses, leading to either adaptive or maladaptive changes in cardiac tissue struc-
ture and function [6].

Integrin-mediated mechanotransduction represents a fundamental process where
cells sense and respond to the mechanical properties at their extracellular matrix
interface [7]. Integrins, functioning as key transmembrane receptors, form cru-
cial links between the ECM and the cytoskeleton, initiating intracellular signaling
cascades that regulate vital cellular processes like adhesion, migration, and differ-
entiation, thereby profoundly impacting tissue development and disease [7].

The dynamic nature of the extracellular matrix is an extensive area of review, high-
lighting its crucial roles in tissue development, maintaining homeostasis, and con-
tributing to various diseases [8]. It emphasizes that continuous remodeling of the
ECM, driven by these cell-matrix interactions, is essential for proper tissue func-
tion, and how dysregulation of these dynamics invariably leads to pathological con-
ditions such as fibrosis and cancer [8].

More broadly, the mechanobiology of the extracellular matrix details how the phys-
ical properties of the ECM, such as stiffness and topography, profoundly influence
cell fate decisions, including proliferation, differentiation, and migration [9]. It dis-
cusses the molecular mechanisms by which cells sense and respond to these me-
chanical cues, thereby impacting tissue development, regeneration, and disease
pathogenesis [9].

Finally, the multifaceted roles of glycosaminoglycans (GAGs) within the extracellu-
lar matrix and their critical interactions with cells are explored [10]. This work elab-
orates on how different types of GAGs, through their diverse structures and charge
densities, modulate essential cellular functions like adhesion, migration, and sig-
naling, consequently influencing various physiological processes and contributing
to the pathology of numerous diseases [10]. This collective body of research un-
derscores the ECM’s indispensable role as a critical regulator of cellular function
and tissue fate, presenting vast opportunities for future biological and medical in-
terventions.

Description

The extracellular matrix (ECM) plays a crucial, multifaceted role in regulating cell
behavior and tissue physiology, extending far beyond providing mere structural
support. Its dynamic nature and interactive properties are fundamental to under-
standing both normal biological processes and the pathogenesis of various dis-
eases. A significant focus of current research is mechanotransduction, the intri-
cate process by which cells perceive and respond to mechanical cues from their
surrounding ECM [1, 7]. This cellular sensing mechanism is vital across numerous
biological contexts. For instance, in the realm of fibrosis, cells actively sense and
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respond to mechanical signals from the ECM, particularly its stiffness, influencing
the progression of the disease [1]. Understanding the specific signaling pathways
involved in this process is critical for developing targeted therapeutic strategies to
combat fibrotic conditions [1]. Similarly, integrin-mediated mechanotransduction,
where integrins serve as key transmembrane receptors, forms a direct link between
the ECM and the cellular cytoskeleton, initiating intracellular signaling cascades
that regulate essential functions like cell adhesion, migration, and differentiation,
profoundly impacting both tissue development and disease [7].

Beyond disease contexts, the ECM acts as a pivotal niche for stem cells, pro-
foundly influencing their behavior, including self-renewal, differentiation, and tis-
sue regeneration [2]. The molecular mechanisms governing how the ECM dictates
stem cell fate are a rich area of study, with significant implications for regenerative
medicine, where manipulating these interactions holds considerable therapeutic
potential [2]. The physical properties of the ECM, such as stiffness and topogra-
phy, are not merely passive factors but active determinants that influence a wide
array of cell fate decisions, including proliferation, differentiation, and migration
[9]. These mechanical cues are sensed and responded to by cells through com-
plex molecular mechanisms, which in turn impact tissue development, regenera-
tion, and disease pathogenesis [9]. This highlights the ECM’s role as an active
participant in shaping cellular identity and function. The overall impact of ECM
stiffness on cell behaviors like proliferation, differentiation, migration, and apop-
tosis is extensively reviewed, summarizing the biophysical mechanisms by which
cells transduce mechanical signals, underscoring its importance in both health and
disease [5].

In oncology, altered cell-matrix interactions are recognized as key drivers in can-
cer progression and metastasis. For example, in pancreatic cancer, modifications
in ECM stiffness, composition, and specific signaling molecules contribute signif-
icantly to tumor growth, invasion, and resistance to therapeutic interventions [3].
These insights offer promising avenues for identifying potential targets for inter-
vention [3]. Mechanosensing in cancer specifically investigates how cancer cells
perceive and react to the physical characteristics of their ECM, such as stiffness
and topography [4]. These cell-ECM interactions are instrumental in influencing the
initiation, progression, and metastatic spread of cancer, prompting the exploration
of emerging strategies to disrupt these mechanical cues as innovative therapeutic
approaches [4]. This emphasizes the ECM as a critical component of the tumor
microenvironment, actively shaping cancer cell behavior and resistance.

The ECM’s dynamic nature extends to its continuous remodeling, a process essen-
tial for maintaining tissue homeostasis and proper function, but whose dysregula-
tion can lead to numerous pathological conditions [8]. This continuous remodeling,
driven by intricate cell-matrix interactions, is critical for various physiological pro-
cesses, including cardiovascular remodeling [6, 8]. In cardiovascular disease, the
complex interplay of mechanical and biochemical signals from the ECM influences
cardiomyocyte function, fibroblast activation, and immune cell responses, leading
to either adaptive or maladaptive structural and functional changes in cardiac tis-
sue [6]. Furthermore, specific components of the ECM, such as glycosaminogly-
cans (GAGs), play multifaceted roles in mediating crucial interactions with cells
[10]. Different types of GAGs, with their varied structures and charge densi-
ties, modulate fundamental cell behaviors like adhesion, migration, and signaling,
thereby impacting diverse physiological processes and contributing significantly
to the pathology of numerous diseases [10]. These collective findings underscore
the ECM’s integral and active role in orchestrating cell fate and tissue function in
both health and disease.

Conclusion

The extracellular matrix (ECM) plays a pivotal role in governing cell behavior and
tissue dynamics, impacting both physiological processes and disease states. Ex-
tensive research highlights the ECM’s function beyond mere structural support,
emphasizing its role as a dynamic, interactive environment. A key aspect explored
is mechanotransduction, where cells sense and respond to mechanical cues, par-
ticularly stiffness, from their surrounding ECM. This process, often mediated by
integrins, is fundamental to cell adhesion, migration, differentiation, and overall
fate. Dysregulation of mechanotransduction is critically implicated in pathologies
like fibrosis, where understanding signaling pathways offers therapeutic avenues.

The ECM’s influence extends to stem cell behavior, acting as a crucial niche that
regulates self-renewal, differentiation, and regenerative potential. Moreover, aber-
rant cell-matrix interactions are central to cancer progression, mechanosensing in
tumors, and metastasis, notably in aggressive forms like pancreatic cancer. Al-
tered ECM stiffness and composition contribute to tumor growth, invasion, and
therapy resistance, suggesting strategies to disrupt these mechanical cues could
be therapeutic. The continuous remodeling of the ECM is vital for maintaining tis-
sue homeostasis, with dysregulation contributing to diseases such as cardiovas-
cular remodeling and various cancers. Furthermore, specific ECM components
like glycosaminoglycans significantly modulate cell adhesion, migration, and sig-
naling, underscoring the complexity and therapeutic potential of targeting these
intricate cell-matrix interactions across a spectrum of biological and pathological
contexts.
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