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Abstract: Osteoarthritis (OA) is one of the most prevalent degenerative joint diseases, and the knee joint is particularly susceptible to 
it. It typically affects the entire joint and is marked by the erosion of cartilage integrity, chondrocytopenia, subchondral bone sclerosis 
and the mild synovial inflammation. Pathological changes in the subchondral bone often serve as initiating factors for joint 
degeneration. Various predisposing factors, including metabolic disorders, oxidative stress, and abnormal mechanical loading, regulate 
OA pathogenesis. Of them, mechanical loading is closely associated with the maintenance of the subchondral bone. Disrupted 
mechanical loading, leading to subchondral bone remodeling, can potentially trigger OA, whereas appropriate loading might 
ameliorate its progression. Therefore, this narrative review aimed to discuss existing knowledge and explore how mechanical loading 
mediates changes in the subchondral bone, influencing the development of knee osteoarthritis. Special emphasis is placed on its role 
and underlying mechanisms in maintaining joint homeostasis. 
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Introduction
Osteoarthritis (OA) is the most prevalent degenerative joint disease, affecting at least 300 million people worldwide. The 
leading cause of disability in the elderly is OA, responsible for global hip and knee replacement surgeries, and imposes 
a substantial economic burden on society and families. Of these joint diseases, knee osteoarthritis (KOA) has a high 
incidence.1 The loss of joint cartilage is a prominent feature of OA progression; however, it is now widely recognized 
that all joint structures are affected. Articular cartilage and subchondral bone interact with the osteochondral units in 
terms of biomechanical function. Compared with uninjured joints, more pronounced subchondral bone alterations are 
observed in joints with meniscal tears or ligament injuries.2 The widespread use of imaging techniques has also shown 
a close correlation between pathological changes in the subchondral bone and cartilage damage, which is an initiating 
factor in the degenerative changes of joints.3 Therefore, targeting the subchondral bone for treatment is important. 
Importantly, these measures need to be implemented before substantial structural and functional changes occur in the 
joint tissues.

Currently, the main treatment methods for OA include medication, surgery, and lifestyle intervention, however, these 
treatment methods have limitations. Although medication can relieve symptoms, patient compliance is low and there is 
a risk of drug dependence; surgical treatment is limited by the lifespan of the implant and is not suitable for all patients, 
with joint replacement often being the final destination. A study published in 20214 revealed that total knee replacements 
and total hip replacements affect patients in a similar way in the early postoperative period. In view of this, exploring an 
efficient and safe conservative treatment modality is essential for the management of KOA. In recent years, important 
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advances have been made in the field of conservative treatment by Eleuterio A Sánchez Romero et al. In 2020,5 they 
published a study examining the effect of adding dry needling (DN) therapy to an exercise program on pain intensity and 
disability in patients with KOA, and although the results did not show that DN significantly reduced pain or improved 
disability in patients, they provided a good basis for conservative treatment in KOA management provides a new 
perspective to think about. Subsequently, in 2021,6 the team further investigated the efficacy of manipulative therapy 
(MT) in patients with KOA-related pain and found that MT may be a safe and effective treatment that significantly 
improves pain and shortens pain duration, a finding that further enriches the theory and practice of conservative treatment 
in the field of KOA.

In addition, the patient education (PE) strategy proposed by Pierluigi Sinatti in 20207 sheds new light on the treatment 
of KOA. The finding that PE has a positive effect on reducing OA-related pain and improving function in the hip and 
knee and positively affects the combination of conservative treatments with it has deepened our understanding of the role 
of conservative treatments in KOA from a new perspective.

Mechanical loading can be described as the physical forces acting on the human body or its movements, ranging from 
organs, tissues, and systems to the molecular and cellular levels, which are necessary for bodily function.8 The common 
forms of mechanical loading include tension, compression, fluid shear stress, and vibration. Excessive obesity or 
abnormal lower limb alignment leads to overloading of the internal load in the knee joint, which is one of the primary 
risk factors for KOA progression.9 As early as 2014, the use of magnetic resonance imaging to determine the response of 
knee joint cartilage to mechanical loading using T1rho and T2 relaxation times in patients with KOA was explored.10 

However, hypertension has recently emerged as an independent risk factor for OA and is the most common vascular 
disease. This suggests that systemic hemodynamic mechanical stress plays a role in subchondral bone remodeling and 
OA pathogenesis.11 Additionally, a study conducted in 2023 indicated a vascular mechanical basis for OA.12 Tissues 
within the subchondral bone, including the trabeculae, cortical plates, and periosteal bone, undergo remodeling and 
adaptation in response to mechanical loading through changes in different bone cell types, alterations in the extracellular 
matrix, and interactions with bone marrow cells, blood vessels, and nerves. Therefore, appropriate modification and 
manipulation of the mechanical environment of the knee joint can prevent injuries, correct abnormalities, and accelerate 
healing and recovery. This review provides a comprehensive overview of the current knowledge regarding the influence 
of mechanical loading on the pathogenesis of KOA. We analyzed the potential underlying targets of mechanical loading 
on the subchondral bone and discussed the advantages and disadvantages of the mechanical interventions currently 
applied in clinical practice or research. This study aimed to provide new insights into preventing and treating KOA.

Methods
Perform a systematic bibliographic search of humans, animals, and cells using the PubMed search engine with no time 
limit using combinations of the following search terms: osteoarthritis, knee osteoarthritis, subchondral bone homeostasis, 
bone remodeling, bone resorption, bone sclerosis, bone marrow mesenchymal stem cells, bone cells, osteoblasts, 
osteoclasts, osteoclasts, neurovascular units, mechanical stress, mechanical loading, signaling pathways, therapeutics, 
clinical applications. The inclusion criteria focused on the exploration of the physiological and pathological state of 
subchondral bone in OA, specifically addressing the effects of mechanical stress and mechanical loading on subchondral 
bone homeostasis and how these external factors act on osteoblasts, osteoclasts, and other cells within the subchondral 
bone, as well as exploring the changes in the signaling pathways involved in the process of these cells in response to 
mechanical stress. In addition, the inclusion criteria covered clinical or basic studies on the effects of treatments related to 
mechanical loading on KOA and their potential mechanisms of action. The exclusion criteria, in turn, explicitly excluded 
the following categories of articles: any article that did not cover the content described in the above inclusion criteria; any 
article that contained duplicated data or information; and all literature published in languages other than English. A total 
of 2159 relevant articles were identified. According to the inclusion and exclusion criteria, a total of 1294 articles were 
deleted, and a total of 823 articles in English were retrieved after the initial screening, excluding those that were not 
highly relevant to this study and those that were outdated, and screened according to the reading titles and abstracts, and 
finally 111 articles were included in the review according to the criteria. PRISMA flow chart was available in 
Supplementary Figure 1.
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Results
Characteristics of Subchondral Bone Homeostasis Imbalance in KOA
The articular cartilage, subchondral bone, and calcified cartilage form a bone-cartilage bio-composite material within the 
knee joint that uniquely adapts to transfer loads during weightbearing and joint movement. The differing capacities of 
cartilage and bone to adapt to local mechanical and injurious impacts may play a pivotal role in the natural history of OA 
joint pathology and have implications for therapeutic interventions. Subchondral bone transitions between soft and hard 
tissues. Products transferred from the subchondral bone provide essential nourishment to deep joint cartilage and offer 
mechanical support, serving as a cushion during shock absorption and somewhat preventing and repairing cartilage 
damage owing to excessive stress.13 At the cellular level, researchers have summarized the relationship between 
osteoclasts (OC) in subchondral bone and chondrocytes (CC) in articular cartilage, proposing the concept of “OC– 
CC” crosstalk. This concept suggests that alterations in the microstructure and mechanical characteristics of the 
subchondral bone may directly or indirectly affect cartilage metabolism and the pathogenesis and progression of 
OA.14 This imbalance in the homeostasis of the subchondral bone not only exacerbates the KOA, but may also further 
deteriorate the patient’s health by affecting systemic physiological mechanisms, such as intestinal flora balance.15 Of 
particular interest to us is OA, the most prevalent chronic form of temporomandibular joint (TMJ) disorders and the most 
severe type of temporomandibular disorders (TMD). The causes of TMD are complex and varied, and are generally 
recognized to be closely related to factors such as poor functioning habits, sleep bruxism, and sleep disorders. Insomnia 
and apnea are the most prevalent forms of sleep disorders in the TMD patient population. Some scholars have 
endeavored to explore the existing literature in an effort to discover whether scientific evidence exists to substantiate 
an association between patients with temporomandibular joint osteoarthritis (TMJ-OA) and increased sleep disturbances 
or decreased sleep quality.16 Unfortunately, however, the results of the study did not provide sufficient evidence to 
support the hypothesis that patients with TMJ-OA are more likely to suffer from sleep disorders or poor sleep quality. 
Nonetheless, this study opens up new perspectives to explore the pathomechanisms of OA and to develop more effective 
intervention strategies.

Changes in the subchondral bone are part of the coupled process between osteoclast-mediated old bone resorption and 
osteoblast-mediated new bone formation, whether at the cellular or histological level. An imbalance in metabolism 
between these two cell types alters the bone mass and causes microstructural changes.17 The characteristics of 
subchondral bone lesions differ in various stages of OA. In the early stages of OA, a significant increase is observed 
in osteoclast activity beneath the subchondral plate, which results in a notable increase in the porosity of the cortical plate 
and gradual thinning of the trabeculae. In later stages, osteoblast activity in the subchondral trabecular bone becomes 
more pronounced, leading to the thickening of the subchondral plate and trabeculae, accompanied by subchondral bone 
sclerosis. Notably, despite the increase in bone volume in the later stages, local bone turnover rates rise and calcium- 
collagen ratios decrease, resulting in inadequate bone tissue mineralization and reduced elastic modulus. As OA 
progresses, in addition to the formation of osteophytes and subchondral bone cysts at the joint edges, the subchondral 
cortical plate becomes flattened and deformed, a process referred to as “bone attrition”. Moreover, aberrant remodeling of 
the subchondral bone can lead to abnormal vascular neogenesis, with these vascular components accompanied by the 
invasion of sensory and sympathetic nerves into the subchondral bone and cartilage tissue. Meanwhile, the infiltration of 
peripheral inflammatory factors exacerbates this condition by disrupting the homeostasis of the cartilage and subchondral 
bone.18 (Figure 1).

Impact of Mechanical Load on the Onset and Progression of KOA
A previous study investigated the influence of mechanical loads during walking on changes in the subchondral bone plate 
and cartilage in rats with early-stage KOA. By comparing the location of subchondral bone plate lesions and mechanical 
loads, the research showed that biomechanical signals not only affect cartilage metabolism but also impact the 
remodeling of the subchondral bone. Furthermore, uncoupled remodeling of the subchondral bone is a key factor leading 
to an imbalanced mechanical force distribution within the knee joint, further damaging the subchondral bone and surface 
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cartilage.19 Therefore, the capacity of the subchondral bone to adapt to local mechanical and injurious impacts may be 
significant in the natural history of OA joint pathology and may have implications for therapeutic interventions.

Individuals engaged in regular physical activity experience beneficial mechanical stress that contributes to strength
ening their weight-bearing bones. However, pilots’ weight-bearing bones can lose 1–1.5% of their bone density per 
month because they spend extended periods in a microgravity environment, leading to increased bone resorption and 
reduced bone formation.20 Furthermore, prolonged bed rest and paralysis significantly reduce the mechanical stress 
applied to the bones, resulting in disuse osteoporosis. Overall, excessive, inadequate, or unstable mechanical loading can 
lead to changes in the subchondral bone, subsequently contributing to OA.21,22

In animal experiments, inducing abnormal mechanical loads on joints is a common method for establishing OA 
models. For instance, overloading the tibia can simulate anterior cruciate ligament injury,23 or subjecting mouse knee 
joints to repeated cyclic loading or single non-traumatic loads,24 and prolonged axial loading,25 can lead to morpholo
gical and cellular changes resembling those seen in bone-related arthritis. Notably, in rat and mouse models of traumatic 
bone-related arthritis, avoiding excessive knee joint load effectively ameliorates cartilage degradation and subchondral 
bone alterations offering robust theoretical support for non-weight-bearing rest in patients with OA.26–29 However, 
appropriate joint loading may not necessarily have a negative effect on disease progression. Several studies have 
demonstrated that mechanical interventions, such as walking and extracorporeal shockwave therapy (ESWT), can 
effectively improve OA symptoms and slow its progression. The intensity, duration, and frequency of these interventions 
require special attention.30–32 Therefore, mechanical loading is a double-edged sword, and its contribution to the onset 
and progression of OA should be taken into account. (Table 1).

Figure 1 Microstructural and histopathological alterations in osteoarthritis (OA) subchondral bone. In the early stages of OA, the subchondral bone plate becomes thinner 
and more porous, accompanied by the degeneration of subchondral trabeculae and initial cartilage degradation. Additionally, microdamage begins to appear in the 
subchondral bone plate. In late-stage OA, the calcified cartilage and subchondral bone plate become thicker, accompanied by the sclerosis of subchondral trabeculae and 
progressive cartilage deterioration. During the progression of OA, developing blood vessels and nerves extend branches into the cartilage from the subchondral bone. OA- 
affected subchondral bone exhibits the presence of subchondral bone cysts, bone marrow edema-like changes, and the formation of osteophytes.
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Table 1 Researches on Animal Models Pertaining to Mechanical Loading in Osteoarthritis

Animals Intervention Mechanical 
load

Outcome References

C57BL/6 mice 

(KOA)

One-sided ACLT Unstable and 

excessive

On the same side, rapid decrease in bone mass followed by partial recovery. On 

the opposite side, bone density gradually increased.

[21]

C57BL / 6 mice 
(TMJOA)

The resin composite material attaches the metal plate to the 
posterior surface of the upper incisors

Excessive Osteoclasts have significantly increased, leading to enhanced bone resorption. [22]

C57BL/6 mice 

(KOA)

Underwent tibial compression overload to simulate ACL injury Excessive Injury decreased epiphyseal bone volume fraction and decreased SCB thickness 

for injured vs sham-injured limbs. Epiphyseal bone loss commonly occurred for 
contralateral-to-injured limbs.

[23]

EGFR-CKO 

(Col2-Cre; 
EgfrWa5/f) mice 

(KOA)

DMM Unstable and 

excessive

Mechanical loading-induced attenuation of Sclerostin and elevation of bone 

formation along the SBP as the major mechanism for subchondral bone sclerosis 
associated with late OA

[33]

C57BL/6 mice 
(KOA)

A single 5-minute session to the left tibia at a peak load of 9.0N 
for 1200 cycles

Excessive A single session of noninvasive loading leads to the development of OA-like 
morphological and cellular alterations in articular cartilage and subchondral bone. 

The loss in subchondral trabecular bone mass and thickness returns to control 

levels at 2 weeks, whereas the cartilage thinning and proteoglycan loss persist.

[24]

C57BL/6 mice 

(LFJOA)

Long-term bipedal standing mouse posture simulates spinal 

degeneration caused by increased axial load stress

Excessive Long-term axial stress induces the development of spinal hyperalgesia in mice, 

associated with increased osteoclast activity and abnormal angiogenesis and 

neural invasion of LFJ subchondral bone.

[25]

C57BL/6 mice 

(KOA)

A single 5-minute session to the left tibia at a peak load of 9.0N 

for 1200 cycles

Excessive Two weeks after PTOA initiation serves as a therapeutic window. Inhibition of 

bone remodeling immediately after PTOA initiation most effectively inhibits 

osteophyte formation, subchondral bone loss, and soft tissue calcification.

[28]

C57BL/6 mice Tail suspension experiments to remove the body weight 

induced mechanical loading from hind limbs, mimicked the bone 

loss due to microgravity or disuse

Unload Osteoporosis, increased bone resorption [34]

Rat (PTOA) DMM Unload It inhibits histologic OA changes, osteophyte formation, and synovial inflammation 

of articular cartilage

[26]

Rat (PTOA) DMM+ACLT Unload Less mechanical load alleviates osteoarthritis by reducing cartilage degeneration, 
subchondral bone remodeling, secondary inflammation, and activation of NLRP3 

inflammasomes

[27]

C57BL/6 mice 
(PTOA)

Overload of tibial compression leading to ACLT injury Unload Unloading in the early stages after injury reduces subsequent osteophyte and 
PTOA progression

[29]

C57BL/6 mice 

(Postmenopausal 
osteoporosis)

Device loading is used to determine the compressive force Load-on Joint load improves postmenopausal osteoporosis by enhancing H-type 

angiogenesis and downregulating exosome miR-214-3p

[39]

Abbreviations: DMM, destabilization of the medial meniscus; ACLT, anterior cruciate ligament transection; TMJOA, temporomandibular joint osteoarthritis; LFJOA, lumbar facet joint osteoarthritis.
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Regulation of Factors Affecting Subchondral Bone Homeostasis by Mechanical Load
The intrinsic and continuous remodeling process of the bone is designed to regulate its microstructure and overall 
geometry in response to ever-changing mechanical environments. Various cells control the conversion of physical forces 
they experience into biochemical signals, thereby regulating bone adaptation and regeneration. This was confirmed by the 
presence of numerous mechanically sensitive structures within the cells. The mechanosensitive ion channel Piezo1 is 
essential for changes in gene expression induced by fluid flow shear stress (FFSS) in bone cells.36 Calcium ion channels 
have long been associated with the mechanical transduction of bone cells. With the expanding research, abnormal 
proliferation and differentiation of bone marrow mesenchymal stem cells, osteoblasts, and osteoclasts, and angiogenesis, 
are considered important factors contributing to the imbalance in subchondral bone homeostasis. Mechanical loading 
plays a critical regulatory role in these processes. (Table 2).

Regulatory Role of Mechanical Load on Bone Mesenchymal Stem Cells
Bone mesenchymal stem cells (BMSCs) are a cluster of cells with self-renewal capabilities that can differentiate into 
osteoblasts, adipocytes, chondrocytes, and myocytes in an appropriate microenvironment. Mechanical loading leads to 
changes in intra-bone marrow pressure and generates shear stress. BMSCs respond to mechanical stimulation by sensing 
subtle deformations of the extracellular matrix (ECM). They promote bone healing through cell-cell interactions and the 
secretion of growth factors, including bone morphogenetic protein (BMPs) and vascular endothelial growth factor (VEGF).44

Chen et al exposed human bone marrow-derived MSCs to mechanical cyclic stretching at amplitudes of 2.5, 5, and 
10% for 10 h daily. After 3 days, appropriate stretching increased MSC proliferation and promoted osteogenic 
differentiation. Mechanical stretching significantly increases the transcription of osteoblast-specific markers.37 Another 
study found that application of low-magnitude vibration in the early stages of postmenopausal osteoporosis could inhibit 
its progression. Mechanistic investigations indicated that vibration activated the canonical wingless-like (Wnt)/β-catenin 
pathway in BMSCs through estrogen receptor α, promoting MSC osteogenic differentiation.38 Similarly, low-amplitude, 
high-frequency vibrations increase miRNA-335-5p expression in BMSCs through the same pathway to enhance 

Table 2 Cellular Responses to Various Mechanical Stresses in Osteoarthritis

Mechanical 
stress

Cell Pathway of Action and Conclusions References

Stretch BMSCs Enhanced cell proliferation; 

SIRT1 activation-antioxidant defense, promote osteogenic differentiation

[37]

Vibration BMSCs Promote osteogenic differentiation; 
Inhibit adipogenic differentiation; 

Reduce osteoclast production and activation Decrease bone resorption; 

Activate Wnt/β-catenin pathway through Erα.

[38]

Vibration BMSCs MC3T3-E1 Promote bone formation In vivo with increased miR-335-5p level. [35]

EMS BMSCs RAW 264.7 Increased ERK1/2 in osteoclast supernatant promotes osteogenic differentiation of 

BMSCs.

[17]

Compression BMSCs Facilitate adhesion, even distribution, proliferation, secretion of ECM; 

Promotes chondrogenic differentiation (with higher levels of AGG, COL2α1, SOX9); 

Inhibits cell hypertrophy (with lower levels of COL10α1); 
Reduces the likelihood of forming fibrocartilage (with lower levels of COL1α2).

[39]

Compression BMSCs-derived 

osteoblastic cells

The absence of Piezo1 impairs osteoclast activity (via the YAP pathway), leading to 

decreased bone mass and spontaneous fractures.

[34]

FFSS MLO-Y4 Elevates intracellular cAMP levels, activates PKA, and effectively prevents dexamethasone- 

induced apoptosis.

[40]

FFSS Ocy454 The FAK/HDAC5 signaling axis regulates mechanical signaling in bone cells. [41]
Shear stress MLO-Y4 Inhibits IL-17A-mediated induction of osteoclastogenesis via osteocyte pathways. [42]

Microgravity MC3T3-E1 Reduced the responsiveness of osteoblasts to cytokines that promote osteoblast 

proliferation, differentiation, and bone formation.

[49]

Abbreviations: BMSC, Bone marrow MSC; MC3T3-E1, A precursor cell of mouse embryonic osteoblasts; RAW 264.7, Mouse Mononuclear Macrophage Leukemia Cells; 
MLO-Y4, Mouse osteoid cells; Ocy454, A type of bone cell.
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osteogenic differentiation.35 However, excessive mechanical stress inducing BMSC osteogenic differentiation can lead to 
temporomandibular joint OA involving osteoclasts in the process.17 Additionally, mechanical loading has received 
significant attention for regulating the chondrogenic differentiation of BMSCs. Applying dynamic compressive loads 
with inherent frequency and intensity to 3D-cultured BMSC-collagen scaffold constructs revealed that compression 
facilitated BMSC adhesion, proliferation, uniform distribution, and ECM secretion. This process facilitated the chon
drogenic differentiation of BMSCs, resulting in increased gene expression levels of COL2α1, AGG, and SOX9, thereby 
preventing lower levels of the hypertrophic marker COL10α1. This approach significantly enhanced the mechanical 
strength of the BMSC-collagen scaffold structure, thereby better mimicking the structure and function of natural 
cartilage.39

Stem cells are more sensitive to mechanical stimuli than somatic cells, and biomechanical signals play a crucial role 
in regulating the phenotypic differentiation of stem cells. MSCs possess immunomodulatory properties and can suppress 
inflammatory responses. Under mechanical loading, MSCs may influence arthritis development by modulating the 
production of inflammatory factors. Therefore, the significance of BMSCs in mechanical loading research on OA is 
reflected in their cellular biological responses and regulatory roles under mechanical loading conditions and their 
potential in joint tissue repair and protection.

Regulatory Role of Mechanical Load on Osteocytes
Bone cells exist within the mineralized bone matrix and comprise over 95% of the total cell count in bone tissue.45 They form 
numerous dendritic processes embedded in the bone matrix, constituting the lacunar-canalicular system. Fluid movement 
within this system serves as the primary means for bone cells to sense changes in their mechanical environments. Upon 
stimulation, the bone cells initiate repair by recruiting osteoblasts and osteoclasts. For subchondral bone, bone formation only 
increases under loading stimuli; however, excessive mechanical loads can lead to sclerosis. Sclerostin (SOST), which is 
secreted by bone cells, is a key protein in the mechanostress response that inhibits bone formation. Wild-type and SOST 
knockout mice with OA exhibit a more active bone-forming state than wild-type mice with increased bone formation and 
decreased bone resorption rates.46 The absence of SOST may exacerbate OA in mice by promoting subchondral bone 
sclerosis, indicating that SOST plays a stress-dependent protective role during the early stages of OA.

Focal adhesions, comprising focal adhesion kinase (FAK), vinculin, and integrins, provide a platform for transmitting 
mechanical signals from the extracellular matrix to the cell cytoskeleton, promoting cell adhesion, spreading, and 
migration. FAK is involved in sensing intracellular and extracellular mechanical forces. Research has found that FAK 
in bone cells mediates the phosphorylation of histone deacetylase 5 tyrosine, drives its nuclear translocation, and 
increases SOST expression. However, FFSS can induce the dephosphorylation of FAK, inhibiting SOST function and 
promoting bone formation.41 Another study demonstrated that FFSS elevates intracellular cyclic adenosine monopho
sphate levels and activates protein kinase A by acting on the EP2 and EP4 receptors on the cell surface, effectively 
preventing dexamethasone-induced apoptosis of osteocyte-like cells.40

However, osteocyte activity is relatively stable, and their involvement in bone remodeling occurs slowly. They serve as 
primary mechanical sensors within the subchondral bone and are crucial to overall skeletal health. Consequently, investigating 
the mechanistic role of osteocytes in subchondral bone remodeling in mechanical environments is important.

Regulatory Role of Mechanical Load on Osteoblasts and Osteoclasts
Osteoclasts are multinucleated cells present in the bone marrow of hematopoietic lineage progenitors. Mature osteoclasts 
attach to aging bone regions and achieve bone resorption by releasing hydrogen ions and catalytic enzymes to dissolve 
the bone. Osteoblasts primarily produce collagen substances (osteoids), which subsequently mineralize to form mature 
bone, counteracting bone resorption.47 Studies have demonstrated that the duration and magnitude of mechanical loading 
play a pivotal role in hematopoietic progenitor differentiation into osteoclasts, implying that osteoclasts may possess 
mechanosensing abilities. In co-culture systems, mesenchymal stem cells or bone cells exposed to oscillating fluid flow 
can inhibit osteoclast generation.42 Therefore, osteoclasts are not only mechanosensitive cells but also effectors of other 
mechanosensitive cells. Consequently, osteoclasts may regulate bone quality through direct mechanosensing or by 
receiving signals from osteoblastic lineage cells.
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Receptor Activator of Nuclear Factor-κB Ligand (RANKL) is one of the most critical molecules in bone remodeling 
and has been identified as a key signaling molecule for the differentiation of bone macrophages into mature osteoclasts.43 

Abnormal mechanical loading can stimulate osteoblasts to produce RANKL which then binds to the RANK receptor on 
the surface of osteoclasts, activating the NF-κB signaling pathway.48 Subsequently, the activated NF-κB transcription 
factor enhances the expression of several osteoclastogenic factors, including IL-1β, IL-6, and PGE2, leading to bone 
resorption. Activation of the RANK/RANKL pathway is regulated by osteoprotegerin, a protein produced by osteoblasts 
that binds to RANKL, thereby preventing bone resorption and promoting bone formation.49

Microgravity environments can simulate physiological conditions experienced by patients with OA on Earth, such as reduced 
bone density and decreased joint loading, offering a unique opportunity for OA research. Studies have found that microgravity 
environments can lead to the disassembly of the cellular cytoskeleton and changes in the arrangement and orientation of 
microfilaments and microtubules.50 During spaceflight, increased bone resorption can result in the loss of calcium and minerals 
from bones, altering the endocrine regulation of calcium metabolism. Microgravity can also induce the disruption of actin 
microfilaments in osteoblasts, reducing RUNX2 expression and migration and consequently inhibiting the expression of 
osteogenic-related genes.51 Additionally, in response to mechanical stimulation in osteoblasts, PIEZO1 promotes the expression 
of COL2α1 and COL9α2 through YAP1 expression, and in turn, these collagen isoforms control the differentiation of 
osteoclasts.34

Osteoblasts and osteoclasts are closely interconnected, and the RANK/RANKL/OPG signaling pathway is a key 
regulator of their balance. Understanding how mechanical loading affects their interactions and equilibrium can improve 
our understanding of OA pathogenesis and guide the development of new therapeutic approaches. Osteoclasts are highly 
active during the early stages of OA. Therefore, targeting osteoclasts using mechanical loading interventions may be 
a promising alternative strategy for treating OA.

Potential Impact of Mechanical Load on Subchondral Bone Angiogenesis
Angiogenesis plays a crucial role in bone remodeling during the treatment of bone repair disorders, including fractures 
and osteonecrosis. H-type vessels were identified as distinct subtypes of blood vessels that highly express CD31 and 
endomucin (EMCN).52 They can also induce angiogenesis and bone formation.

Recent studies have revealed that weight gain may influence the mechanosensory pathway by activating the 
mechanosensitive receptor, PIEZO1. This subsequently leads to an increase in the kinase FAM20C within osteoblasts, 
which is primarily involved in the secretion of phosphorylated proteins. FAM20C contributes to bone mineralization by 
promoting the accumulation of phosphorylated dentin matrix protein 1 (DMP1), a key factor in bone mineralization. 
However, DMP1 serves to inhibit the phosphorylation of vascular endothelial growth factor receptor 2, thereby 
suppressing the signaling of VEGF. Secreted DMP1 transforms H-type vessels into quiescent L-type vessels, limiting 
skeletal growth activity and enhancing skeletal mineralization. This suggests that mechanical forces tightly link bone 
matrix mineralization to the inhibition of vascular formation, thereby restricting bone growth in adolescents.53

Furthermore, moderate mechanical loads can accelerate angiogenesis through reciprocal interactions between osteoblasts, 
osteoclasts, and H-type vessels,54 playing a role in remodeling the subchondral bone and promoting bone healing through 
multiple pathways. In early-stage OA, activated osteoclasts lead to an increase in H-type vessels and oxygen concentration, 
thereby reducing the expression of hypoxia-inducible factor (HIF) 1α in chondrocytes, resulting in cartilage degradation.55 Under 
abnormal stress, MSCs exhibit enhanced angiogenic potential, probably because of the downregulation of exosomal miR-214-3p 
expression by mechanical stimulation, which in turn stimulates the formation of H-type vessels and the secretion of VEGF.56

Therefore, abnormal mechanical loads may be initial factors contributing to subchondral bone remodeling and H-type 
vessel formation during OA onset. This effect can be achieved through various pathways, including blood supply 
modulation, influence on bone metabolism, regulation of growth factor release, and transmission of mechanical signals. 
A thorough understanding of these mechanisms aids in unveiling the physiological regulatory processes within bone 
tissue and their potential roles in bone health and disease. However, further experimental research is needed to elucidate 
the upstream signaling pathways that regulate the formation of H-type vessels in the subchondral bone during OA.
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Regulation of Mechanical Load Signaling Pathways and Their Effects on Factors Influencing 
Subchondral Bone Homeostasis Mechanisms
Recent research has revealed a close association between an imbalance in subchondral bone homeostasis and aberrant 
signaling pathway regulation. According to relevant experimental studies, multiple signaling pathways are involved in 
regulating subchondral bone remodeling under mechanical loads. Common signaling pathways include Wnt/β-catenin 
and TGF-β/BMPs, while other pathways, such as SDF-1/CXCR4, have been reported. These signaling pathways balance 
bone formation and resorption, inhibit the expression of inflammatory factors, restrain vascular generation, and ultimately 
protect the subchondral bone.

Wnt/β-Catenin
The Wnt glycoproteins are a family of over 19 secreted proteins. Owing to their lipid side chains, Wnt molecules are 
insoluble, and their reduced solubility significantly limits their capacity for physical signal transduction in various tissues. 
The Wnt pathway is divided into two categories based on its dependency on β-catenin: the canonical pathway dependent 
on β-catenin and the non-canonical pathway independent of β-catenin. This signaling cascade exhibits paracrine and 
autocrine effects, thus participating in various cellular activities.57

The Wnt/β-catenin signaling plays a pivotal role in skeletal development as an essential anabolic pathway.58 

Processes including mesenchymal stem cell aggregation, chondrogenic differentiation, chondrocyte hypertrophy, growth 
plate chondrocyte and osteoblast differentiation, and maturation are mediated by this signaling pathway. Moderate 
activation of the canonical Wnt pathway is necessary to maintain healthy articular cartilage and subchondral bone. 
Mice with a heterozygous deletion of β-catenin in bone cells lose the ability to form new bone even under mechanical 
loading stimuli.59 Studies have shown that mechanical pressure can reverse the decreased expression of Wnt-related 
proteins following the onset of OA.60 Rapid activation of Wnt signaling increases the number of osteoblasts and 
enhances the expression of osteogenic differentiation-related genes, including ALP, OCN, RUNX2, and Osterix, while 
significantly reducing the expression of osteoclast markers, such as CTSK and RANKL.61 This leads to improved 
subchondral bone density reduction and the inhibition of abnormal bone remodeling. However, despite the rapid 
activation of β-catenin signaling in bone cells by mechanical loading, excessive loading can have negative effects.62 

In addition to bone cells, mechanical loading can transmit signals to chondrocytes via the Wnt pathway. For instance, 
excessive mechanical stretching increases the levels of inflammatory cytokines in the conditioned media of osteoblasts, 
which induces subchondral bone loss and leads to catabolic metabolism and apoptosis of chondrocytes.63

In summary, the Wnt/β-catenin signaling significantly influences bone tissue growth, repair, adaptive changes, and 
metabolic balance. Mechanical loading can activate or inhibit this pathway, thereby regulating the behavior of bone cells 
and affecting overall skeletal health. Nonetheless, additional research is required to gain a deeper understanding of the 
regulatory mechanisms of the Wnt/β-catenin signaling in subchondral bone and its significance in bone health and 
disease. (Figure 2).

TGF-β/Smad
The transforming growth factor-β (TGFβ) superfamily comprises BMPs, TGFβs, growth and differentiation factors 
(GDFs), and other factors.64 In the canonical pathway, TGFβ/BMP signaling relies on intracellular Smads, wherein 
transmembrane receptors are activated by specific ligand binding, leading to the direct phosphorylation of Smad2/3 
proteins. This facilitates the translocation of signaling molecules into the cell nucleus, where they interact with other 
transcription factors and play a significant role in the development of OA.

Studies have shown that changes in the subchondral bone structure alter the distribution of mechanical stress on 
articular cartilage, with concentrated TGF-β activity in areas of high mechanical stress.65 Increased TGFβ1 activity in 
the subchondral bone of individuals with KOA is spatially associated with bone mass and the severity of disease 
damage.66 Carson-Burns et al conducted studies using mice with TGFβ type II receptor (TβRII) deletion in bone cells 
and assessed defects in cartilage degeneration, subchondral bone plate thickness, and subchondral bone plate sclerostin 
expression.67 They demonstrated that TGFβ signaling in bone cells is essential for the mechanical sensitivity response 
to injury, which regulates MSCs’ osteogenic and osteoclastic activity. This signaling pathway is positively correlated 
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with late-stage subchondral bone remodeling in OA, and its inhibition can prevent pathological changes in the 
subchondral bone and improve bone quality.68 Another study revealed that aberrant activation of TGF-β in subchondral 
bone marrow increases osteoprogenitors and uncoupled bone resorption and formation in a rheumatoid arthritis animal 
model. Systemic or local inhibition of TGF-β activity in the subchondral bone can attenuate rheumatoid arthritis 
related cartilage degeneration.69

The role of TGFβ signaling in subchondral bone remodeling has been extensively studied, and the mechanisms 
involved are relatively understood. Therefore, in recent years, many researchers have explored how biological molecules 
inhibit aberrant subchondral bone remodeling through TGF-β signaling mediated by Smad2/3. Examples include 15- 
lipoxygenase-1(15-LOX-1)70 and nangibotide (LR12).71 Currently, various interventions are used for mechanical load
ing. Combining these biological molecules with mechanical forces may produce more significant protective effects on 
subchondral bone, potentially yielding more pronounced results. (Figure 3).

Figure 2 Mechanosensory Regulation of the Classical Wnt/β-catenin Signaling Pathway’s Impact on Subchondral Bone Homeostasis Mechanism Diagram.
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Yap/Taz
The Hippo signaling pathway is characterized by a cascade of protein kinases and transcription factors, that are highly 
sensitive to various external mechanical stimuli. Among these, YAP/TAZ serves as the core molecule in the Hippo signaling 
pathway. Upon activation of the Hippo pathway, YAP/TAZ undergo phosphorylation, leading to their sequestration in the 
cytoplasm and subsequent degradation via the proteasomal system. When the Hippo signaling pathway is inhibited, unpho
sphorylated YAP/TAZ enters the nucleus and binds to the TEAD family of transcription factors to regulate downstream gene 
expression, influencing skeletal development and homeostasis.72 Aberrant Hippo signaling can lead to skeletal defects and 
diseases, including osteogenesis imperfecta73 and disuse osteoporosis74.

However, mechanical cues can independently modulate the activity of YAP, circumventing the Hippo signaling pathway in 
addition to the canonical Hippo signaling pathway. For instance, vibration enhances the nuclear translocation of YAP, subse
quently regulating downstream BMP2 expression to promote MSC osteogenic differentiation.75 Zarka et al76 developed 2D 
stretching and 3D compression cell culture models using MLO-Y4 osteocyte-like cell lines embedded in concentrated collagen 
hydrogels. This study showed that mechanical loading induces the nuclear translocation of YAP/TAZ, upregulates their target 

Figure 3 Mechanosensory Regulation of TGF-β/Smad Signaling Pathway’s Impact on Subchondral Bone Homeostasis Mechanism Diagram.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S492415                                                                                                                                                                                                                       

DovePress                                                                                                                       
9369

Dovepress                                                                                                                                                            Chen et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


genes and proteins, and increases the expression of a subset of mechanically sensitive genes and chemokines in bone cells, 
including CXCL1, M-CSF, CXCL2, CXCL3, CXCL9, and CXCL10. Knockdown of YAP/TAZ weakened the increase in 
M-CSF and CXCL3 levels in bone cells after mechanical unloading. Moreover, RNA-seq analysis demonstrated that YAP/TAZ 
knockdown mediates the regulation of several genes, including those involved in dendritic cell formation in bone cells, indicating 
that YAP/TAZ signaling is essential for osteocyte-like cell mechanotransduction, governing gene expression profiles, and 
controlling chemokine expression. Mechanical stimulation is a crucial pathogenic factor in the ossification of the posterior 
longitudinal ligament (OPLL). After extracting primary cells from the posterior longitudinal ligament tissues of patients with and 
without OPLL and subjecting them to sinusoidal uniaxial cyclic stretching, the mechanical stretching load resulted in significant 
nuclear translocation of YAP after 3 days, along with increased expression of genes and proteins associated with OPLL-induced 
bone formation compared with the control group without significant changes.77

As early as 2013, researchers have proposed that mechanical forces serve as master regulators of YAP/TAZ in a multicellular 
environment.78 This process is interconnected with various signaling pathways, such as Hippo, WNT, and GPCR, and can 
directly mediate YAP nuclear translocation. Mechanical and Hippo signals represent two parallel inputs in regulating YAP/TAZ, 
which provide insights into the signal transduction of YAP/TAZ in response to mechanical loading. (Figure 4).

Figure 4 Mechanosensory Regulation of YAP/TAZ Signaling Pathway’s Impact on Subchondral Bone Homeostasis Mechanism Diagram.
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Sdf-1/Cxcr4
Matrix-derived factor (SDF)-1 belongs to the CXC chemokine subfamily (chemokine 2 [CXCL12]) and is involved in 
regulating the extracellular matrix, inflammatory factors, and subchondral bone homeostasis. CXCR4 is a receptor that is 
homologous to CXC. Previous studies have shown that CXCR4 promotes angiogenesis in vitro and in vivo. SDF-1 can 
activate CXCR4 and regulate various biological processes, such as cell proliferation, differentiation, chemotaxis, 
survival, and apoptosis. The SDF-1/CXCR4 axis plays a significant role in OA.79

SDF-1 levels were significantly elevated in rat knee joints after ACLT combined with DMM surgery was performed 
in human OA subchondral bone samples. Continuous administration of AMD3100 (an SDF-1 receptor inhibitor) to OA 
rats resulted in a substantial reduction in cartilage damage extent. Moreover, the number of osteoblasts showing positivity 
for osteoblastic markers such as Osterix in the subchondral bone significantly decreased.80 Yang et al81 found that in 
mechanically induced temporomandibular joint OA (TMJOA), several SDF-1-positive cells in the subchondral bone 
mainly originate from osteoblasts. When the SDF-1 signaling pathway was inhibited using AMD3100, Col II expression 
was upregulated in the cartilage, whereas the expression of CXCR4, SDF-1, and MMP13 was downregulated. These 
findings suggest that the increased expression of SDF-1 derived from osteoblasts not only promotes osteoblastic 
differentiation but may also contribute to cartilage degradation by engaging SDF-1 with CXCR4.

Furthermore, knee joint loading regulates the migration of adipose-derived stem cells to OA sites through the SDF-1/ 
CXCR4 axis.82 The SDF-1/CXCR4 axis can recruit BMSCs and human umbilical vein endothelial cells by upregulating 
the phosphorylation of extracellular signal-regulated kinase (ERK) and enhancing osteogenic differentiation and vascular 
formation. After treatment with inhibitors of this pathway, the number of TRAP-stained positive osteoclasts in the 
subchondral bone of the ACLT group returned to normal, and the CD31+/EMCN+ blood vessels returned to normal 
levels, showing reduced cartilage destruction and bone resorption. Another study reported that low-magnitude high- 
frequency vibration promotes the healing of osteoporotic fractures by enhancing SDF-1/CXCR4 signaling in MSCs, 
which enhances their proliferation and migration.83

Therefore, inhibiting the SDF-1/CXCR4 axis can alleviate abnormal bone formation and angiogenesis, making it 
a potential therapeutic target for improving the subchondral bone microenvironment in OA.

RANTES-CCR-Akt2
Research has shown that in vivo biomechanical loading is a decisive factor in the transition from systemic autoimmunity 
to joint inflammation.84 T cell activation-regulated secretion of the chemokine RANTES (regulated upon activation, 
normal T cell expressed and secreted) is a chemotactic factor that recruits immune cells by binding to chemokine 
receptors (CCRs).85 RANTES is highly expressed in the tissues, synovial fluid, and peripheral blood of patients with 
rheumatoid arthritis and OA. The Akt pathway mediates macrophage recruitment and osteoclast regulation.86 Based on 
this, Feng et al87 proposed the hypothesis of the “RANTES-CCRs-Akt2 axis mediating TMJOA subchondral bone loss.” 
Their findings showed that RANTES is a potential biomarker of early TMJOA in humans. An increase in the number of 
macrophages beneath the articular cartilage and increased RANTES expression in the subchondral bone were associated 
with early TMJOA. The RANTES-CCRs-Akt2 axis is activated due to increased joint loading, promoting osteoclast 
formation and resulting in bone loss. (Figure 5).

Some signaling pathways have been specifically discussed in temporomandibular joint arthritis; however, the knee 
and temporomandibular joints are mobile joints, and a shared mechanism of pathogenesis occurs between them. The 
roles of the aforementioned signaling pathways are interconnected, and specific effects may be influenced by factors, 
including different cell types, types of mechanical stimulation, stimulus intensity, and duration. A comprehensive 
understanding of the impact of mechanical loading on subchondral bone requires further research.

Therapeutic Research on Improving KOA Through Mechanical Loading
Organs of the musculoskeletal system endure continuous mechanical loads, including bone compression, muscle 
stretching, and fluid shear stress on the blood vessels. Different forms of mechanical forces exhibit varying magnitudes, 
patterns, and durations and play a crucial role in cell growth and differentiation.
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Exercise Therapy
Exercise plays a positive role in mitigating age-related disturbances and repairing osteoporosis and OA tissues. It can 
improve osteochondral crosstalk and enhance the subchondral bone microenvironment by regulating it.88 Human studies 
have shown that physical activity can enhance the efficacy of bone and cartilage regeneration therapies and promote 
skeletal health.89 One study indicated that participants who engaged in walking exercises had a reduced likelihood of 
experiencing frequent new knee joint pain compared with patients with KOA who did not engage in walking exercises, 
and the progression of medial joint space narrowing was less common.90 In another study, running was considered a form 
of mechanical load, and micro-computed tomography analysis revealed that running mice exhibited enhanced subchon
dral bone formation, increased thickness of the subchondral bone plate, and enlarged trabecular volume, thereby 
strengthening subchondral bone remodeling.91 However, excessive exercise-induced load overload may lead to diffuse 
microdamage and microcracks in the subchondral bone.92 This early microdamage contributes to OA occurrence and 
progression. Therefore, this issue should be addressed. Despite studies having shown generally positive effects of 
exercise on the cartilage, its impact depends on the type and intensity of the activity.

Figure 5 Mechanosensory Regulation of SDF-1/CXCR4 and RANTES-CCR-Akt2 Signaling Pathway’s Impact on Subchondral Bone Homeostasis Mechanism Diagram.
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Overall, exercise therapy helps maintain joint flexibility and range of motion, enhances blood circulation around the 
joints, aids nutrient delivery, strengthens muscles, and alleviates joint burden. However, severely damaged joints can 
cause pain and further damage. Some patients may find it challenging to engage in effective exercise because of pain or 
the severity of their condition. Thus, personalized exercise plans are necessary for rehabilitation treatments because 
different individuals may require different types and intensities of exercise.

ESWT
ESWT is a physical therapy approach widely used for musculoskeletal disorders in recent years. Many studies have 
suggested that ESWT can convert mechanical force into biological signaling, with possible mechanisms, including pain 
relief,93 nerve terminal blockade, inflammation reduction, vasodilation, regeneration, and osteogenesis promotion. This 
leads to the alleviation of local symptoms, promotion of tissue repair, and functional improvement. A systematic review 
of randomized clinical trials indicated that ESWT effectively improved pain and function in patients with KOA.94 

Another study evaluated the effectiveness and safety of ESWT in patients with KOA.95 Recent research on the effect of 
ESWT on KOA suggests that the subchondral bone is the main target, contributing to its density improvement and 
yielding superior results, compared with treatments targeting only the cartilage region.96

However, the molecular mechanisms underlying ESWT effect on KOA involving the subchondral bone remain 
unclear. However, the optimal treatment intensity, frequency, and timing require further investigation. This intervention 
offers a new treatment option for patients with limited mobility.

Low-Intensity Pulsed Ultrasound (LIPUS)
LIPUS is a mechanical wave that generates minor mechanical stress and effectively promotes the healing of bone 
fractures. Approved by the United States Food and Drug Administration, LIPUS has been widely used to treat bone 
diseases, such as traumatic fractures and OA.97 Research has indicated that LIPUS stimulation decreases the expression 
of bone resorption markers, including tissue inhibitor of metalloproteinase K, matrix metalloproteinase 9, and tartrate- 
resistant acid phosphatase (TRAP), demonstrating that LIPUS treatment can stimulate bone regeneration and reduce bone 
resorption.98 Yi et al’s study found that LIPUS significantly inhibits the activation of the TGF-β1/Smad3 signaling 
pathway in the subchondral bone of TMJOA rabbits, leading to reduced IL-6 production. This reveals some of its anti- 
inflammatory mechanisms and offers a potential therapeutic strategy for inflammatory diseases, such as OA.99

A growing body of research indicates that LIPUS has significant effects on early OA treatment. It reduces pain, 
facilitates functional recovery, promotes cartilage repair, enhances the morphology and histological characteristics of the 
subchondral bone, and boosts subchondral bone regeneration in patients with OA. LIPUS represents an advanced 
technology that blends physics with medicine, which is becoming a new option between conservative treatment and 
open surgery and a potential hotspot for future research.

Whole-Body Vibration (WBV)
WBV comprises synchronous mechanical vibrations generated by a vibrating platform that propagate along the human 
body. WBV training is a novel exercise therapy aimed at optimizing joint function, primarily by improving muscle 
coordination. A systematic review and meta-analysis conducted in 2022 revealed that combining WBV with exercise 
outperforms exercise alone in enhancing pain relief, physical function, and knee extensor strength.100 Both high and low- 
frequency WBV have demonstrated positive effects on pain intensity, physical function, and knee extensor strength. 
WBV can be incorporated into conservative treatment plans for patients with knee OA; however, further larger-scale 
studies are needed to validate the optimal approach for implementing WBV.

Ye et al investigated the efficacy of whole-body vibration therapy on KOA cartilage and subchondral bone in an 
experimental study. Their experiments, which included micro-CT and histology, demonstrated that WBV could increase 
the bone volume fraction, trabecular thickness, and trabecular number, while decreasing the bone surface area to bone 
volume ratio. Furthermore, WBV promoted the expression of aggrecan and inhibited the expression of MMP13, 
ADAMTS4, and IL-1β. Based on these findings, it was concluded that WBV could slow cartilage degeneration and 
preserve the subchondral bone microstructure.101 In the same year, Wang et al demonstrated in their experiment that 
WBV could alleviate the degradation of early-stage OA in rat knee joints, with lower frequencies showing better 
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effects.102 However, another study found that continuous low-frequency and low-amplitude vibration increased the 
production of TNF-α in the mouse knee joint synovial fluid, suggesting a novel TNF-α-regulated mechanism for WBV- 
induced cartilage degeneration.103 Therefore, based on the current clinical and animal experimental results, the impact of 
whole-body vibration with different amplitudes and frequencies on knee OA remains controversial, and the potential 
targets and mechanisms require further investigation.

In summary, WBV is a relatively straightforward treatment that can be performed at home. However, it may result in 
dizziness and nausea in some patients, and treatment effects vary. Therefore, selecting an appropriate vibration frequency 
and intensity based on the patient’s health conditions and capabilities is required.

In conclusion, each patient’s situation is unique, and an appropriate treatment approach should be selected based on 
medical advice, the patient’s condition, and their health status. Different treatment methods can be used to improve 
therapeutic outcomes.

Discussion
Limitations
This review only summarizes and analyzes the regulation of mechanical stress on the factors affecting subchondral bone 
homeostasis in English, and there is a lack of research data in other languages and a lack of relevant experimental data. 
At present, there is a lack of clinical studies on the direct regulation of subchondral bone mechanical stress, and its 
mechanism of action on subchondral bone homeostasis is not completely clear, which still needs to be explored more 
deeply in the future.

Future Directions and Clinical Implications
In order to more accurately assess and measure loads on joint surfaces and to delve deeper into the underlying 
mechanisms of KOA, there is a need to develop more accurate and reliable animal models and joint load measurement 
systems. This will help to mimic the pathogenesis of KOA in humans and provide more accurate data to support research 
on the effects of mechanical loading on KOA. Since current studies have mainly focused on articular cartilage and 
relatively little attention has been paid to the subchondral bone, future studies should strengthen the investigation of the 
role of the subchondral bone in the formation and development of KOA and its relationship with mechanical loading. 
Through in-depth study of the biological properties of the subchondral bone, its metabolic mechanism and its interaction 
with articular cartilage, a new mechanism for the pathogenesis of KOA can be revealed, providing new targets for 
treatment. More reliable evidence is needed to support clinical application when using mechanical interventions for the 
treatment of KOA. Future studies should further optimize parameters such as intensity, dose, and time of mechanical 
intervention, and explore the efficacy and safety of different intervention strategies for KOA patients. This will help to 
develop a more personalized and precise treatment plan to improve the outcome of KOA.

An in-depth understanding of the role of the osteochondral unit in the formation and development of OA and the 
effect of mechanical loading on KOA is of great clinical significance. First, it helps us to better understand the 
pathogenesis of KOA and provide new ideas and methods for prevention and treatment. Second, by optimizing the 
mechanical intervention treatment strategy, we can provide more effective and safer treatment options for KOA patients, 
reduce their pain and dysfunction, and improve their quality of life. Finally, these research results can also provide 
a scientific basis for the development of related medical devices and drugs, and promote the progress and development of 
the KOA treatment field.

Conclusions
The osteochondral unit, comprising cartilage and subchondral bone, is pivotal in OA formation and progression. 
Moderate mechanical loading positively influences the metabolism of both components. However, studies directly 
evaluating joint surface loads and elucidating KOA mechanisms are limited due to the absence of suitable animal 
models and load measurement systems. Current research focuses mostly on articular cartilage, neglecting the subchondral 
bone due to sampling challenges. Reliable evidence supporting the clinical application of mechanical interventions for 
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KOA, including intensity, dosage, and timing, is lacking. In conclusion, mechanical loading plays a key role in 
subchondral bone changes and will be a future research focus for KOA prevention and treatment, potentially offering 
new alternatives for mobility-limited OA patients.
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