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ABSTRACT
Osteoporosis, characterized by systemic impairment of bone mass and 
microarchitectural deterioration, represents a profound failure in the dynamic 
equilibrium of bone remodeling. This review synthesizes contemporary insights from 
biophysics and biochemistry to deconstruct the pathogenesis of osteoporosis into a 
hierarchical failure of molecular and cellular systems¹. We begin at the nanoscale, 
examining the altered compositional biochemistry of the bone matrix collagen 
cross-linking, non-collagenous protein signaling, and mineral crystal properties 
that fundamentally compromises material resilience.² We then ascend to the cellular 
scale,�detailing�the�biochemical�signaling�cascades�(RANKL/RANK/OPG,�Wnt/β-
catenin, sclerostin) that govern osteoclast and osteoblast activity, framing their 
dysregulation as a breakdown in communication networks³. Integrating these with 
biophysical principles, we explore how mechanosensing via osteocytic lacuno-
canalicular networks and integrin-mediated focal adhesions translates physical force 
into biochemical anabolic signals, and how this transduction is blunted in aging and 
disuse.4 The review emphasizes the concept of bone as a composite material, where 
osteoporosis-induced changes in mineral-to-collagen ratio, carbonate substitution, 
and� collagen� integrity� degrade� its� inherent� fracture� resistance,� quanti𿿿ed� by�
parameters such as elastic modulus, toughness, and fatigue life.5 Finally, we 
discuss emerging diagnostic technologies leveraging these principles (e.g., Raman 
spectroscopy,�nanoindentation)�and�novel� therapeutic� strategies� targeting�speci𿿿c�
biochemical pathways (anti-sclerostin, cathepsin K inhibitors) and biophysical 
interventions�(vibration�therapy,�electromagnetic�𿿿eld�stimulation).6 This integrative 
perspective posits osteoporosis not merely as a quantitative loss of bone, but as a 
qualitative disintegration of a sophisticated biomaterial, guiding future research 
towards multi-scale, mechanism-based interventions.
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INTRODUCTION
Bone is a masterfully engineered composite 
material, uniquely endowed with the capacity 
for self-repair, adaptation, and regeneration¹. 
Its primary function providing structural 
support belies an extraordinary underlying 
complexity, where biochemistry constructs 
form and biophysics informs function. 
Osteoporosis, derived from the Greek “porous 
bone,” is a skeletal disorder that disrupts this 
synergy, leading to enhanced bone fragility 
and increased fracture risk.7 Traditionally 
quanti𿿿ed� by� a� reduction� in� bone� mineral�
density (BMD), contemporary understanding, 
however, recognizes that BMD alone is 
an� insuf𿿿cient� metric.5 Osteoporotic bone 
is not simply less bone; it is inferior bone, 
compromised in its material quality and 
microarchitecture.

This review aims to provide a comprehensive, 
integrated analysis of osteoporosis through the 
dual lenses of biochemistry and biophysics. 
We will traverse the scale of biological 
organization, from the molecular interactions 
that� de𿿿ne� matrix� integrity� to� the� cellular�
systems�that�orchestrate�its�turnover,�and�𿿿nally�
to the organ-level mechanical competence. 
The central thesis is that osteoporosis emerges 
from critical failures at the interfaces of 
these� scales:� Áawed� biochemical� blueprints�
yield defective materials, and impaired 
biophysical sensing disrupts the feedback 
loops essential for maintenance.8 By dissecting 
these interconnected failures, we can better 
appreciate the disease’s pathogenesis and 
identify novel diagnostic and therapeutic 
nodes.

THE�BIOCHEMICAL�BLUEPRINT:�
COMPOSITION�AND�QUALITY�OF�THE�
BONE�MATRIX

Bone’s mechanical prowess originates 
from its intricate extracellular matrix (ECM), 
a complex nanocomposite of organic and 
inorganic phases.9

1. The Organic Phase: Collagen and Beyond
The� organic� framework,� constituting� ~30-

40% of bone’s volume, is predominantly type 

I collagen (90-95%).10 Collagen molecules self-
assemble�into�𿿿brils�with�a�characteristic�67�nm�
D-periodic stagger, creating intermolecular 
spaces for mineral deposition. The biochemical 
health of this collagen network is paramount.²

• Cross-Linking: Enzymatic cross-links, 
catalyzed by lysyl oxidase, form between 
telopeptide and helical domains of 
adjacent� molecules,� providing� 𿿿brillar�
tensile strength and stability.¹¹ In contrast, 
non-enzymatic glycation end-products 
(AGEs), such as pentosidine, accumulate 
with age and in diabetic states. These 
aberrant, brittle cross-links form 
haphazardly, increasing bone stiffness 
but severely reducing its toughness 
(energy to fracture) and post-yield strain, 
making bone more prone to catastrophic 
failure.¹² Osteoporotic bone often shows 
an elevated AGEs/Enzymatic cross-
link ratio, a key biochemical marker of 
fragility independent of BMD.5

• Non-Collagenous Proteins (NCPs): This 
diverse class (e.g., osteocalcin, osteopontin, 
bone sialoprotein, decorin) plays crucial 
biochemical signaling and organizational 
roles.¹³� Osteocalcin,� γ-carboxylated� in�
a vitamin K-dependent process, binds 
tightly to hydroxyapatite via its Gla 
domain and is implicated in mineral 
maturation and osteoclast recruitment. 
Its undercarboxylated form, prevalent 
in� vitamin� K� de𿿿ciency,� is� associated�
with higher fracture risk.14 Osteopontin, 
a phosphorylated glycoprotein, acts as a 
cytokine� in�cell� signaling�and�inÁuences�
mineral resorption by modulating 
osteoclast adhesion. The dysregulated 
expression of NCPs in osteoporosis alters 
the biochemical milieu for cell-matrix 
interactions.4

2. The Inorganic Phase: Bone Mineral
The inorganic phase, primarily 

nanocrystalline carbonated hydroxyapatite 
(Ca10(PO4)6(OH)2), confers compressive 
strength.15 Its properties are not static:

• Crystal Size and Perfection: Younger, 
healthy bone contains smaller, more 

KEYWORDS:

• Osteoporosis • Bone Remodeling, RANKL • Mechanotransduction • Bone 
Matrix • Collagen • Hydroxyapatite • Sclerostin, Bone Biophysics



29

JBB / Volume 11, Number 1 / January - June 2026

platy crystals with high surface area, 
which is advantageous for dissolution 
during remodeling.16 With age and 
in osteoporosis, crystals tend to grow 
larger and become more perfect (less 
substituted), which may make them more 
brittle and less soluble.6

• Carbonate Substitution: CO3²
— can 

substitute for either OH— (A-type) or 
PO3²— (B-type, more common). Increased 
carbonate content, often seen in aging 
bone, is associated with decreased 
crystalline order, increased solubility, 
and altered mechanical properties, 
potentially contributing to reduced 
hardness and modulus.17

• Mineralization Density: The degree 
and� homogeneity� of� mineral� in𿿿ll�
within the collagen matrix are critical.18 
Osteoporotic bone often exhibits 
regions of hypermineralization (old, 
persistent bone) alongside regions of 
hypomineralization (newly formed, 
poorly matured bone). This heterogeneity 
creates stress concentrators, facilitating 
crack initiation and propagation.5

3. The Cellular Orchestrators: Biochemical 
Signaling in Bone Remodeling

Bone remodeling is a tightly coupled 
sequence of resorption by osteoclasts 
and formation by osteoblasts, governed 
by a symphony of biochemical signals.7 
Osteoporosis represents a state of uncoupling, 
where resorption outstrips formation.19

1. The Osteoclastogenic Pathway: RANKL/
RANK/OPG

This triad is the principal regulator of 
osteoclast differentiation and activity.20

• Receptor Activator of NF-κB Ligand 
(RANKL): Expressed on osteoblast/
stromal cell membranes, RANKL is the 
essential signal for osteoclastogenesis. 
Its expression is upregulated by pro-
resorptive factors like parathyroid 
hormone (PTH), interleukin-1 (IL-1), IL-
6, and TNF-α²¹.

• RANK: The receptor on osteoclast 
precursors. RANKL binding activates 
downstream� signals� (NF-κB, MAPK, 
NFATc1) leading to osteoclast 
differentiation, fusion, activation, and 
survival.²²

• Osteoprotegerin (OPG): A soluble 
decoy receptor produced by osteoblasts, 
OPG binds RANKL and prevents its 
interaction with RANK, thus inhibiting 
osteoclastogenesis²³.

In osteoporosis, an elevated RANKL/OPG 
ratio drives excessive resorption.24 This can be 
due�to�estrogen�de𿿿ciency�(estrogen�suppresses�
RANKL and promotes OPG),25 glucocorticoid 
excess,26�or�chronic�inÁammation.²¹
2.� The� Anabolic� Pathway:� Wnt/β-Catenin�

Signaling
This highly conserved pathway is the master 

regulator of osteoblastogenesis and bone 
formation.³

• Canonical Pathway: Binding of Wnt 
proteins to Frizzled/LRP5/6 receptors 
inhibits a destruction complex, leading 
to� β-catenin� stabilization,� its� nuclear�
translocation, and transcription of 
osteogenic genes (e.g., Runx2, Osterix).27 

• Antagonists: The pathway is exquisitely 
regulated by extracellular antagonists. 
Sclerostin, produced almost exclusively 
by osteocytes, binds to LRP5/6, 
inhibiting Wnt signaling. Dickkopf-1 
(Dkk1) is another key inhibitor.8 In 
mechanical�disuse�or�estrogen�de𿿿ciency,�
sclerostin� levels� rise,� stiÁing� bone�
formation.28 Conversely, mechanical 
loading suppresses sclerostin, permitting 
anabolism.4

3. Other Key Signaling Molecules
• PTH: Intermittent PTH (e.g., teriparatide) 

is a potent anabolic agent, acting via 
PTH1R on osteoblasts to increase RANKL 
(transiently) and, crucially, suppress 
sclerostin and upregulate IGF-1.29 Chronic 
elevation, as in hyperparathyroidism, is 
catabolic.30

• Sex Steroids: Estrogen and testosterone 
are critical for maintaining bone mass³¹. 
Estrogen exerts anti-resorptive effects 
by promoting osteoclast apoptosis, 
increasing OPG, and decreasing RANKL 
and�pro-inÁammatory�cytokines.25

4. Biophysics of Bone: Mechanotransduction 
and Material Failure

Bone is a living material that adapts 
to its mechanical environment (Wolff’s 
Law).³² This adaptive capacity, driven by 
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mechanotransduction, is critically impaired in 
osteoporosis.8

1. The Osteocyte as the Master Mechanosensor
Osteocytes, entombed within the mineralized 

matrix in lacunae and connected via long 
cytoplasmic processes through canaliculi, form 
a vast lacuno-canalicular network (LCN).4 
This network is the primary site for sensing 
mechanical strain (e.g., from walking, muscle 
contraction).

• Fluid Flow Shear Stress: Loading 
induces� interstitial� Áuid� Áow� through�
the�LCN.�This�Áow�exerts�shear�stress�on�
the osteocyte cell body and processes, a 
potent mechanical signal.³³

• Biochemical Transduction: Shear stress 
is converted into biochemical signals via:

• Integrins connecting the osteocyte to the 
pericellular matrix.³4

• Ion channels (e.g., Piezo1, TRPV4) that 
open in response to membrane strain.35

• Primary cilia protruding into the 
canalicular space.36

• This leads to rapid intracellular calcium 
Áuxes,� activation� of� kinases� (e.g.,� FAK,�
ERK), and production of signaling 
molecules like prostaglandins (PGE2) and 
nitric oxide (NO).37

• Downstream Effector Signals: The 
loaded osteocyte suppresses sclerostin 
and Dkk1, promoting bone formation via 
the Wnt pathway.28�It�may�also�inÁuence�
osteoclast activity through RANKL/
OPG modulation.38 In disuse or aging, 
reduced mechanical stimulation leads to 
high sclerostin, low bone formation, and 
potentially increased RANKL, driving 
net bone loss.4

2 Material Properties and Their Degradation 
in Osteoporosis

From a materials science perspective, bone is a 
𿿿ber-reinforced� composite� (collagen� 𿿿bers� in�
a mineral matrix).5 Osteoporosis degrades its 
key properties:

• Elastic Modulus (Stiffness): Primarily 
governed by mineral content.18 
Hypermineralized regions may increase 
local stiffness, but heterogeneous 
mineralization leads to an overall 
compromised structural stiffness.39

• Toughness: The energy absorbed before 
fracture. This is highly dependent 
on the organic matrix.¹² Collagen 
integrity, enzymatic cross-links, and 
sacri𿿿cial� bonds� (e.g.,� via� osteopontin) 
impart toughness by allowing plastic 
deformation and dissipating energy. 
AGEs accumulation and collagen 
degradation by osteoclasts (via cathepsin 
K) drastically reduce toughness.40

• Fatigue Life: Bone is subject to cyclic 
loading. Microdamage accumulates 
naturally but is normally repaired via 
targeted remodeling.41 In osteoporosis, 
increased resorption creates stress 
concentrators (e.g., perforated trabeculae), 
and reduced formation impairs repair, 
leading to accelerated accumulation 
of microcracks and eventual fatigue 
fracture.¹

5. The Vicious Cycle: Integrating Biochemistry 
and Biophysics in Pathogenesis

The interplay between biochemical and 
biophysical failures creates a self-perpetuating 
cycle in osteoporosis.

1. Initiating Events: Aging, menopause 
(estrogen drop), or disuse leads to 
increased sclerostin (reducing formation)28 
and an elevated RANKL/OPG ratio 
(increasing resorption).24

2. Initial Bone Loss: Net resorption creates 
trabecular thinning, cortical porosity, and 
microarchitectural deterioration (loss of 
connectivity).7

3. Biophysical Consequences: The degraded 
architecture impairs the mechanical 
competence of the bone, altering strain 
distribution.5 The LCN may be disrupted, 
and osteocyte apoptosis increases, further 
blunting mechanosensing.42

4. Biochemical� Ampli𿿿cation: Impaired 
mechanotransduction perpetuates high 
sclerostin and pro-resorptive signaling.8 
The deteriorating matrix itself becomes 
biochemically hostile accumulating 
AGEs¹², releasing bone-derived factors 
(e.g.,�TGF-β)�that�may�dysregulate�future�
remodeling.43

5. Fracture: The cycle continues, 
progressively reducing bone mass and, 
more importantly, degrading bone quality 
until a critical defect meets a routine load, 
resulting in fracture.¹
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EMERGING�DIAGNOSTIC�AND�
THERAPEUTIC�FRONTIERS

Understanding the multi-scale nature of 
osteoporosis drives innovation beyond DXA-
based BMD.6

1. Advanced Diagnostics
• High-Resolution Imaging: HR-pQCT 

and μMRI assess trabecular and cortical 
microarchitecture in vivo.44

• Biochemical Bone Turnover Markers 
(BTMs): PINP (formation) and CTX-
1 (resorption) provide dynamic 
information on remodeling activity.45

• Material Property Assessment: Reference 
Point Indentation (RPI) devices measure 
bone material strength index (BMSi) in 
vivo.46 Raman and FTIR Spectroscopy 
on biopsy samples quantify matrix 
composition (mineral/matrix ratio, 
carbonate/phosphate, cross-link ratios).17

2. Mechanism-Based Therapeutics
• Anti-Resorptives with Novel Targets: 

Bisphosphonates (alendronate) and 
denosumab (anti-RANKL monoclonal 
antibody) are mainstays.47 Cathepsin K 
inhibitors (e.g., odanacatib) target the 
osteoclast’s collagen-degrading enzyme, 
potentially preserving collagen quality.40

• Anabolic Agents: Anti-sclerostin 
monoclonal antibodies (romosozumab) 
block sclerostin, unleashing Wnt 
signaling to powerfully stimulate bone 
formation and reduce resorption³. PTH 
analogues (teriparatide, abaloparatide) 
remain potent anabolics.29

• Biophysical Interventions: Low-
intensity vibration and pulsed 
electromagnetic�𿿿elds� (PEMF) are being 
explored to enhance osteogenic signaling 
and potentially counteract disuse-
induced bone loss by modulating cellular 
activity.48

CONCLUSION� AND� FUTURE�
PERSPECTIVES

Osteoporosis is a disease of failed 
communication and compromised material 
science at the biological level. The biochemical 

pathways that build and break down bone, 
and the biophysical systems that sense and 
respond to load, are inextricably linked.¹ 
Their dysregulation leads to the production 
of a fragile, low-quality biomaterial.5 Future 
research must continue to integrate across 
scales from the atomic structure of a collagen 
cross-link to the whole-bone functional 
adaptation to fully decode this disease.

Promising avenues include: 1) Developing 
“bone quality” diagnostics that are clinically 
accessible,46 2) Creating sequential or 
combination therapies that simultaneously 
target formation and resorption while 
preserving matrix quality,6 3) Harnessing 
biophysical interventions as adjuvant 
therapies,48 and 4) Exploring the role of osteocyte 
senescence and the bone microenvironment 
(including immune cells and the vascular 
niche) in the aging skeleton.42 By treating bone 
not just as a metric of density but as a dynamic, 
intelligent composite material, we can forge 
new strategies to restore strength and resilience 
to the osteoporotic skeleton.
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