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Commentary

Extracellular Matrix Remodeling in Bone Development and Disease

Anna Novak”

Department of Cell Biology, Charles University, Prague, Czech Republic.

ABOVE THE STUDY

The Extracellular Matrix (ECM) is far more than a passive
scaffold in bone; it is a dynamic and bioactive environment that
regulates cell behavior, tissue architecture, and mechanical
integrity. In bone development and disease, ECM remodeling is
a tightly controlled process that ensures proper skeletal
formation, adaptation, and repair. In my view, the ECM should
be considered a central regulator of bone biology, as its
composition and organization directly influence both cellular
function and overall skeletal health.

Bone ECM is composed primarily of an organic matrix,
dominated by type I collagen, and an inorganic mineral phase
consisting of hydroxyapatite crystals. This composite structure
provides both tensile strength and rigidity. However, the ECM is
not static. During development, growth, and repair, it undergoes
continuous remodeling through the coordinated actions of
osteoblasts, osteoclasts, and osteocytes. Osteoblasts synthesize
and secrete new matrix, while osteoclasts degrade existing
matrix, allowing for structural renewal and adaptation to
mechanical demands.

During bone development, ECM remodeling is essential for
processes such as endochondral and intramembranous
ossification. In endochondral ossification, a cartilage template is
progressively replaced by bone. This transition requires the
degradation of cartilage ECM and the deposition of bone-
specific matrix. Enzymes such as Matrix Metalloproteinases
(MMPs) and cathepsins play critical roles in this process by
breaking down collagen and other matrix components,
facilitating vascular invasion and osteoblast recruitment. In my
opinion, the precise regulation of these enzymes is crucial, as
excessive or insufficient activity can lead to developmental
abnormalities.

The ECM also serves as a reservoir for growth factors and
signaling molecules, including Transforming growth Factor-beta
(TGF-B), Bone Morphogenetic Proteins (BMPs), and Insulin-like
Growth Factors (IGFs). These factors are stored within the
matrix and released during remodeling, where they influence
cell proliferation, differentiation, and survival. This highlights

the ECM’s role as a signaling hub, integrating mechanical and
biochemical cues to guide bone formation and repair.

dysregulation of ECM
remodeling is a key pathogenic factor. In osteoporosis, increased
osteoclast activity leads to excessive matrix degradation, resulting
in reduced bone mass and compromised structural integrity. At
the same time, impaired osteoblast function limits the formation
of new matrix, exacerbating bone loss. Similarly, in
osteoarthritis, abnormal remodeling of subchondral bone ECM
contributes to joint degeneration and altered mechanical
properties.

In the context of bone disease,

Fibrotic and inflammatory conditions also disrupt ECM
homeostasis. Chronic inflammation can upregulate MMP
activity and alter collagen organization, weakening the bone
matrix. Additionally, Advanced Glycation End products (AGEs),
which accumulate in conditions such as diabetes, can modify
collagen cross-linking, reducing matrix elasticity and increasing
fracture risk. These changes underscore how systemic metabolic
disturbances can directly impact ECM quality and bone
strength.

Osteocytes, embedded within the ECM, play a crucial role in
sensing mechanical forces and coordinating remodeling.
Through the lacuno-canalicular network, they detect changes in
mechanical loading and regulate the activity of osteoblasts and
osteoclasts. Mechanical strain influences ECM composition by
modulating collagen synthesis, mineral deposition, and enzyme
activity. In my view, this feedback loop between mechanical
forces and ECM remodeling is essential for maintaining bone
adaptability and resilience.

Recent advances in imaging and molecular biology have
provided deeper insights into ECM dynamics. High-resolution
techniques have revealed changes in matrix organization at the
nanoscale, while omics approaches are identifying novel ECM
components and regulatory pathways. These findings are
reshaping our understanding of how ECM properties influence
cell behavior and tissue function.

From a therapeutic perspective, targeting ECM remodeling
offers promising opportunities. Pharmacological agents that
inhibit excessive osteoclast activity, such as anti-resorptive drugs,
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are already widely used. However, there is growing interest in
therapies that directly modulate ECM composition and quality.
For example, agents that enhance collagen crosslinking or
promote the release of growth factors from the matrix may
improve bone strength and regeneration. Additionally,
biomaterials designed to mimic the native ECM are being
developed for use in bone tissue engineering, providing scaffolds
that support cell attachment and differentiation.

Despite these advances, challenges remain in fully
understanding the complexity of ECM remodeling. The
interplay between different matrix components, enzymes, and

signaling molecules is highly intricate and context-dependent. In
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my opinion, future research should focus on integrating
mechanical, biochemical, and molecular perspectives to develop
a more comprehensive understanding of ECM function in
bone.

In conclusion, extracellular matrix remodeling is a fundamental
process in bone development and disease, influencing both
structural integrity and cellular activity. As a dynamic and
multifunctional component of bone, the ECM plays a central
role in regulating skeletal health. Advancing our knowledge in
this area will be critical for developing innovative therapies
aimed at improving bone quality and treating a wide range of
skeletal disorders.
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