
Joint Homeostasis and Osteoarthritis
Subjects: Engineering, Biomedical

Contributor: CHUNYI WEN

As a hallmark of osteoarthritis (OA), structural and functional disturbances of the subchondral bone are associated with

osteocyte dysfunction. Osteocytes act as mechanosensory units for micro-cracks in response to loading, and as the

regulator of osteoblastic and osteoclastic activities. Aberrant expressions of osteocyte-derived signaling molecules likely

underlie the anomalies seen in osteocyte morphology and bone remodelling.
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1. Introduction

Osteoarthritis (OA) is the most common form of arthritic disease, mainly afflicting the load-bearing joints, e.g., knee and

hip. It is also recognized as a major cause of joint pain and disability, contributing to a compromised quality of life in older

adults . Articular cartilage, subchondral bone, and synovium are among the tissues that may display abnormalities in

OA. The radiological features of osteoarthritic subchondral bone include sclerosis, cyst and osteophyte formation on plain

x-radiograph, and bone marrow lesions (BMLs) on magnetic resonance imaging, all of which have been proven to

underline the anomalies of bone mineralization . Such impaired mineralization was noted from all parts of the

trabecular bone, along with compositional changes of the bone matrix, e.g., a low ratio of mineral/collagen content .

Sclerotic changes and osteophyte formation are both believed to arise from elevated bone turnover with an increase in

osteoblastic over osteoclastic activities . BMLs and sclerosis are likely associated with abnormal signaling related to

sclerostin, periostin, and dentin matrix protein 1 (DMP-1) . Meanwhile, cysts surrounded by less mineralized bone

and osteoid formation uncoupled with mineralization may suggest spatially differential regulation of osteoblasts and

osteoclasts by Wnt/β-catenin signaling and the OPG/RANKL/RANK pathway . Modulation of bone remodeling was

able to reduce osteophyte formation and alleviate cartilage degeneration in experimental models of OA and helped with

restricting BMLs in human OA . However, the pathomechanism of osteoarthritic bone remodeling and the

resultant structural disturbances has not been fully understood yet.

Bone resorption and formation are tightly controlled and precisely coordinated by bone cells during the bone remodeling

process to maintain the homeostasis of adult bone metabolism . The structural and functional disturbances of the

osteoarthritic bone are generally attributed to primary osteoblastic dysfunction . Osteoarthritic osteoblasts showed

blunted responses to the stimulus of cytokines  and an aberrant ratio of mineral and collagen production .

Meanwhile, osteocyte dysfunction and abnormal osteoblast-osteocyte differentiation are also recognized as the possible

causes of OA . Osteocytes compose 90–95% of bone cells and are responsible for mechano-transduction. It is known

that osteocytes may respond to mechanical stimuli like micro-cracks with death. Following the deaths of osteocytes, bone

remodeling is initiated via activation of osteoclastogenesis and bone resorption . Osteocytes also act as the key

regulators of osteoblast differentiation through the secretion of sclerostin. Through suppressing Wnt signaling, sclerostin

can inhibit osteoblastic activity and terminate the cycle of bone remodeling . There is growing evidence

suggesting that osteocytes act as a central regulator of bone remodeling to maintain bone homeostasis and integrity .

However, the exact pathophysiology of osteocytes and their contributions to the structural and functional disturbances of

the osteoarthritic bone remain unelucidated.

2. Disturbances of Subchondral Bone

The role of subchondral bone in OA progression has been well documented. Disturbances of the subchondral bone are

characterized by anomalous bone morphology at the tissue level, irregular osteocyte activities at the cellular level, and

altered protein expressions at the molecular level. The Wnt/β-catenin pathway, which is responsible for osteogenesis and

bone remodeling, is enriched in osteoarthritic subchondral bones . Sclerostin, a major Wnt inhibitor, is expressed in

calcified cartilage and subchondral bone. Its deficiency is often associated with OA development, likely through activating

Wnt signaling . In both OA and sclerostin-deficient models, an increase in bone volume fraction and trabecular bone
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thickness were observed in the subchondral bone, along with aberrant distribution of bone mineral density (BMD) 

. This change is believed to be load-dependent, as higher bone mass is usually found excessively concentrated in the

load-bearing region, with relatively lower bone mass in the less or non-loading region. For instance, our data suggested

that osteoarthritic bone exhibited unevenly distributed bone mass from the load-bearing to non-load-bearing regions, such

as in the superior portion of femoral heads underneath the articular cartilage. In contrast, there was no significant

difference in the bone mass organization of the femoral heads from the control group (Figure 1a,b). In accordance with

structural changes, sclerostin levels are also believed to be modulated by loading. Expression of sclerostin by osteocytes

was downregulated by mechanical loading while upregulated by unloading in mice, suggesting a role in mechano-

transduction . Overexpression of SOST, the gene encoding sclerostin, was found to inactivate Wnt signaling,

attenuate bone formation, and reduce mineralization in response to mechanical stimulation (Figure 1c). Suppressed bone

remodeling then resulted in little to no difference in load-bearing and non-loading regions . Hence, changes in

sclerostin levels likely underlie the occurrence of sclerotic lesions preferentially in load-bearing regions. It might thus be

considered as an adaption to support an abnormal level of compressive stress, such as when cartilage tissues are

severely eroded  or when repetitive loading is applied .

Figure 1. The representative uCT images and data show the comparisons of hip osteoarthritis (OA) with a fracture in two-

(a) and three-dimensional architecture (b). Osteoarthritic bone was characterized by high bone mass disproportionately

concentrated in the load-bearing regions in comparison with hip fracture bone. This is believed to be regulated by

periostin and sclerostin (c). Enhanced periostin and decreased sclerostin expressions upon mechanical loading can

activate Wnt/β-catenin signaling through LRP5/6. β-catenin then promotes gene transcription in the targeted cell, such as

osteoblasts, which results in bone formation.

Subchondral trabeculae are generally well-aligned with the direction of principal compressive stress, suggesting

adaptation to loading conditions . Periostin, a matricellular protein produced by osteocytes and osteoblasts, may

participate in the regulation of bone formation and resorption associated with sclerostin. Increased periostin expression

was observed upon mechanical stimulation, which was followed by a decreased sclerostin expression (Figure 1c) .

Periostin expression was enhanced in OA in subchondral bone, synovial fluid, and cartilage . It was thought to

exacerbate OA by promoting the expressions of pro-inflammatory cytokines, such as interleukin (IL)-6 and -8, and matrix

metalloproteinase (MMP) production, such as through nuclear factor kappa B (NFκB) signaling . High periostin level

was linked with decreased bone surface/bone volume ratio, increased trabecular number, low structural model index

(SMI), and high stiffness . Such changes echoed the findings in OA, specifically the drop in bone surface area, the

elevated number of trabeculae bones and their plate-like microarchitecture, as well as the stiffening of subchondral bones

. Plate-like trabecular bones were positively correlated with OA severity  and were generally able to sustain higher

mechanical stress . Meanwhile, stiffening of subchondral bone could cause ineffective load transfer from cartilage to

bone. This was proposed as a possible source of cartilage damage and might explain the exacerbation of OA under
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excessive loading . Thus, periostin might also induce cartilage degeneration by disturbing the underlying subchondral

bone through sclerostin-Wnt signaling . Interestingly, other characteristics of osteoarthritic bones, such as decreased

trabeculae connectivity and BMD, were identified in periostin-deficient models . Likewise, inhibition of sclerosing

activities through antibodies resulted in higher connectivity density and BMD, which appeared to contradict the findings in

OA . Nevertheless, it should be noted that hyper-mineralization of the subchondral bone was also observed in early-

stage OA . Therefore, periostin and sclerostin might first affect bone mineralization in early-stage OA, while impaired

mineralization in end-stage OA could relate to cellular dysfunction. Other signaling pathways might also be responsible for

these sclerotic changes , such as transforming growth factor-beta (TGF-β) signaling , whose inhibition increased

connectivity density and attenuated OA, DMP-1, whose deletion in cartilage led to an osteoarthritic phenotype .

Subchondral bone marrow lesions (BMLs) have been characterized by sclerotic bones with less mineralization  and are

believed to predict the progression of OA . Our data also confirmed that the inorganic content of bone plugs

from knee OA specimens was significantly lower (Figure 2a,b). We have also observed osteoid formation near trabeculae

or in the marrow space of OA bone (Figure 3g,i), which were compatible with that of BMLs. Aberrant mineralization is

likely associated with DMP-1. DMP-1 is responsible for the mineralization of collagen content, as it is critical for mineral

nucleation . Decreased DMP-1 expression and disrupted mineralization of the extracellular matrix (ECM) is

accompanied by the activation of Wnt/β-catenin signaling, along with sclerostin deficiency . Altered DMP-1 signaling

might explain why OA bone exhibited higher mass yet with decreased structural connectivity and reduced mineral density.

However, DMP-1 expression by osteocytes was higher in human OA samples . Meanwhile, mechanical loading

appeared to upregulate DMP-1 expression by osteocytes in both bone formation and resorption sites, while osteoblasts

expressed less DMP-1 in the early stage of induction . Hence, decreased DMP-1 expression in osteoblasts was

proposed as a possible cause of low BMD in OA. This was supported by the results of our research, which showed the

formation of osteoid-like tissues in marrow space together with the clustering of bone cells in OA (Figure 3i). Low BMD

and poor connectivity were associated with decreased strength. Despite being plate-like and well-aligned, osteoarthritic

bones were also weaker than normal bones with similar morphology . Therefore, although the initial attempt was to

increase BMD in response to mechanical loading, bone remodeling in OA might eventually render the subchondral bone

mechanically inferior rather than superior.

Figure 2. The representative micro-CT images show the microstructure of trabecular bone in the medial plateau of healthy

(a) and osteoarthritic (OA) knees (b). The color-coded images of trabecular bone show the distribution of bone mineral

density (BMD). The red-labeled trabecular bone represented high BMD. Bone mineralization is regulated by sclerostin,

dentin matrix protein 1 (DMP-1), matrix extracellular phosphoglycoprotein (MEPE), and phosphate-regulating neutral

endopeptidase (PHEX) (c). Osteoblast-derived DMP-1 is critical for the mineralization of collagen fibers, while sclerostin

can regulate MEPE and PHEX to control further mineralization of hydroxyapatite (HA) crystals. Mechanical loading
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regulates DMP-1 expressions by osteoblasts and osteocytes differently. Abnormally shaped HA crystals can induce

osteogenic differentiation of mesenchymal stem cells (MSCs) or trigger osteoblast dysfunction.

Figure 3. The representative uCT (a–f) and histological images (g–l) show the comparisons between hip osteoarthritis

(OA) (a,c,e,g,i,k) and fracture (b,d,f,h,j,l). As shown by uCT images, osteoid formation (blue arrow) was found in

apposition to pre-existing trabeculae for both hip OA (c) and fracture (d). The newly formed bone was associated spatially

with bone resorption pits (red arrow) in hip fracture, yet it was not the case for hip OA. It was revealed by histology that

bone cell clusters (black arrow) were present close to osteoid formation (block arrow) either in trabecular bone (g) or

marrow space (i). In contrast, bone cell clusters were not found in hip fractures (h,j). The two (k,l) and three (e,f)
dimensional morphology of osteocytes lacunae both revealed that the number of lacunae from hip OA bone was higher

than that of hip fracture. In addition, OA osteocytes lacunae were well aligned and more plate-like as compared with hip

fracture ones. (g–j: Hematoxylin and eosin staining with a magnification of 20×).

Crosstalk with Cartilage Degeneration

Disturbances of the subchondral bone have been closely associated with cartilage degeneration. For example, the size of

the tibial subchondral bone might predict the overlying articular cartilage defect and OA severity . Insulin-like growth

factor 1 (Igf1) deficiency was linked with decreased bone formation, increased osteoid formation, and delayed and

diminished mineral deposition in the subchondral bone (Figure 4) . In OA, Igf1 expression by osteoblasts was

upregulated . Similarly, the mechanical strain was believed to increase Igf1 levels in osteocytes . Hence, Igf1

was thought to facilitate the drop in sclerostin level upon mechanical loading and thus modulate bone remodeling . In

contrast, Igf1 expression by osteoarthritic chondrocytes was reduced . This might be attributed to the presence of

stressors, such as reactive oxygen species (ROS) , a well-identified cause of cartilage damage . The addition of Igf1

to articular cartilage could increase matrix biosynthesis or enhance the stimulating effects of dynamic mechanical loading

. Likewise, matrix degradation in response to static loading could also be rescued by Igf1, which might suggest a role of

Igf1 in maintaining the balance of anabolism and catabolism . Cartilage degeneration is thus likely linked with both

decreased anabolic activities partly due to Igf1 deficiency and increased catabolism associated with elevated expressions

of degrative enzymes, such as MMPs .

Figure 4. Insulin-like growth factor 1 (Igf1) signaling in the crosstalk between osteocytes and chondrocytes. Mechanical

loading regulates Igf1 expressions by osteocytes and chondrocytes differently. Inhibition of miR-29b-3p production by

osteocytes can increase Igf1 expression. Meanwhile, elevated reactive oxygen species (ROS) production by
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chondrocytes can suppress Igf1 expression. Igf1 also regulates sclerostin expression, chondrocyte hypertrophy, and

osteogenic differentiation of MSCs through the PI3K/AKT/mTOR pathway.

Bone remodeling mediated by Wnt signaling is believed to stiffen trabecular bones and alter their micro-architecture. For

instance, in spontaneous OA models of guinea pigs, changes from rod-like to plate-like morphology were thought to

precede or occur simultaneously with cartilage degeneration . Past experiments also observed subchondral bone

remodeling beneath intact cartilage in human OA, but only significant when cartilage tissues were damaged .

Ineffective load transfer due to structural disturbances of the subchondral bone might increase the strain endured by

cartilage. High mechanical strain could then increase ROS production by chondrocytes, presumably because of

mitochondrial deformation (Figure 4) . Therefore, differential expressions of Igf1 in bone and cartilage, for instance,

could be involved in the progression of OA. Similarly, while TGF-β could promote chondrocyte proliferation and exhibited

protective effects in articular cartilage, its elevation in the subchondral bone was associated with cartilage loss and OA

development . The crosstalk between subchondral bone remodeling and cartilage degeneration was also believed to

be regulated by MMP-13, which was less expressed by osteoarthritic osteocytes. Insufficient expression of MMP-13 was

assumed to increase trabecular bone volume and cause cartilage degeneration independent of other stimuli. A reduction

in osteocyte-derived MMP-13 was associated with disrupted lacuno-canalicular networks (LCN), which likely affected

mechano-transduction and bone remodeling in early-stage OA. Meanwhile, expressions of proteins responsible for

metabolism or matrix degradation, such as MMP-13 expression by chondrocytes, were also induced by insufficient

osteocytic MMP-13 . Hence, bone remodeling might start before cartilage degeneration and contribute to the aberrant

metabolism in cartilage. With accumulated micro-damage, such as when an excessive load was applied or when cartilage

was lost , mechanically inferior bones would be formed predominantly, and OA exacerbated. The above findings

suggested that osteocytes could regulate trabecular bone morphology, bone mineralization, and ultimately bone and

cartilage homeostasis in response to mechanical loading. Hence, the interplay between cartilage and subchondral bone is

worth further investigation and should be extended to cellular and protein levels.
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