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Abstract

Osteoarthritis (OA) is characterized by the breakdown of articular cartilage that is mediated in part 

by increased production of matrix metalloproteinases (MMPs) and aggrecanases (ADAMTS), 

enzymes that degrade components of the cartilage extracellular matrix. Efforts to design synthetic 

inhibitors of MMPs/ADAMTS have only led to limited clinical success. In addition to 

pharmacologic therapies, physiologic joint loading is widely recommended as a nonpharmacologic 

approach to improve joint function in osteoarthritis. Clinical trials report that moderate levels of 

exercise exert beneficial effects, such as improvements in pain and physical function. 

Experimental studies demonstrate that mechanical loading mitigates joint destruction through the 

downregulation of MMPs/ADAMTS. However, the molecular mechanisms underlying these 

effects of physiologic loading on arthritic joints are not well understood. We review here the recent 

progress on mechanotransduction in articular joints, highlighting the mediators and pathways in 

the maintenance of cartilage integrity, especially in the prevention of cartilage degradation in OA.
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Introduction

Osteoarthritis (OA) is a progressive degenerate joint disease that affects the structural and 

functional integrity of joint tissues such as bone, tendons, and ligaments, which ultimately 

results in the destruction of articular cartilage. It is currently the leading cause of disability 

and pain in the United States,1 and there are currently no cures for OA, and no effective 

pharmacological treatments exist that slow or halt its progression.2 Physical activity is one 
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of the most widely prescribed nonpharmacological therapies for OA management,3 based on 

its ability to limit pain and improve physical function.4,5 However, the mechanisms 

underlying these beneficial effects of exercise and physical therapy (referred in this paper as 

“mechanical treatment”) are largely unknown. In this review, we will discuss the recent 

progress regarding the effects of mechanical treatment on OA, and highlight a novel 

mechanotransduction pathway that mediates the anti-inflammatory and chondroprotective 

effects of physiologic joint loading.

Cartilage destruction in osteoarthritis

Osteoarthritis is characterized by cartilage degradation, synovial inflammation, and 

alterations within the subchondral bone, including bone remodeling, subchondral sclerosis, 

and osteophyte formation.2,6 Clinical features of osteoarthritis include joint pain, stiffness, 

and swelling, which together contribute to patient disability.7 The pathogenesis of OA is 

unclear, but risk factors for developing OA include aging, joint trauma, obesity, and heritable 

genetic factors.2 OA is the most common joint disease, affecting an estimated 15% of the 

U.S. population.8

At the molecular level, one of the most prominent features of OA is the imbalance between 

the anabolic and catabolic activities within chondrocytes, the sole cell population within 

cartilage. Breakdown of the cartilage extracellular matrix is mediated in part by upregulated 

expression of proteolytic enzymes, including matrix metalloproteinases (MMPs) or a 

disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS).9 In cases of 

normal tissue turnover, levels of active MMPs and ADAMTS are suppressed, in part by 

tissue inhibitors of metalloproteinases (TIMPs).10 However, in osteoarthritis, the activities of 

proteolytic enzymes overwhelm those of TIMPs, resulting in cartilage breakdown.2

Due to the role upregulated MMPs/ADAMTS play in arthritis, inhibitors for these 

proteolytic enzymes have been explored as therapeutic strategies to treat OA. However, 

clinical trials so far have been met with limited success and resulted in side effects including 

musculoskeletal pain and inflammation.11–13 These adverse effects have been mainly 

attributed to the lack of selectivity of these inhibitors. Metalloproteinases share structural 

similarities and are susceptible to regulation by broad-spectrum inhibitors.14 Poor selectivity 

is problematic because in addition to matrix remodeling, MMPs/ADAMTS play important 

roles in wound healing, angiogenesis, development, morphogenesis, and bone 

remodeling.15,16 Therefore, it appears successful therapeutic strategies will require the 

specific inhibition and appropriate modulation of MMPs/ADAMTS involved in OA.

Physiologic joint loading and osteoarthritis

Nonpharmacologic therapies for OA, such as aerobic exercise, strength training, and passive 

motion therapy, have been reported to exert protective effects on the joint. At least 20 min of 

weekly rigorous physical exercise, defined as activities leading to shortness of breath or 

sweating, is protective against the development of cartilage defects in healthy adults.17,18 

Less vigorous physical activities such as walking are also beneficial for joint health. 

Subjects who walk regularly (more than three times a week for at least 20 min each time) 
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have a reduced risk of developing bone marrow lesions.17 Bone marrow lesions are 

associated with the development of chondral defects and may serve as a predictive 

biomarker of OA development.19

For people with OA, regular exercise also has been demonstrated to be of benefit. A 

Cochrane Review of 32 clinical trials comparing land-based therapeutic exercise (i.e., 

muscle strengthening, aerobics, manual therapy) to a nonexercise group found that exercise 

treatment resulted in moderate improvements in pain and physical function.20 Physical 

interventions that are less studied, including hydrotherapy and Tai Chi, have reported 

significant improvements in pain and physical function for at least 24 weeks after the start of 

these exercise programs.21 Although clinical trials evaluating the effect of exercise on joint 

structure in OA patients are limited, preliminary results from these studies are promising. A 

four-month exercise program consisting of aerobic and weight-bearing exercises increased 

proteoglycan content in the articular cartilage of OA subjects.22 Strength training, when 

compared to range of motion exercises for 30 months, decreased the mean rate of joint space 

narrowing, but the difference was not statistically significant.23 Together, the evidence 

support that moderate levels of exercise improve symptoms of OA, but whether exercise also 

has a disease modifying effect is still unclear.

Molecular effects of exercise in the synovial joint

Although the beneficial effects of exercise for osteoarthritis patients are well documented, 

the mechanisms are still largely unknown. In vitro and in vivo experiments have begun to 

identify the molecular effects of physiologic loading in chondrocytes, and determine factors 

mediating the beneficial actions of loading. In vitro, proinflammatory cytokine interleukin 

(IL)-1β stimulates the release of proinflammatory mediators such as nitric oxide (NO), 

prostaglandin (PG)E2, and cyclo-oxygenase (COX)-2.24 Dynamic compression of 

chondrocytes at 0–15% strain and 1 hertz (Hz) counteracts the production of these IL-1β–

induced mediators, possibly through a p38 mitogen-activated protein kinase (MAPK)-

dependent pathway.24 Mechanical stimulation of chondrocytes also antagonizes IL-1β-and 

TNF-α–induced inflammatory and catabolic responses, such as upregulated COX-2, 

inducible nitric oxide synthase (iNOS), and genes involved in cartilage catabolism, such as 

MMPs 9 and 13.25–27 This beneficial effect of mechanical loading was attributed to 

inhibiting transcription factor nuclear factor-kappa B (NF-κB) from translocating into the 

nucleus to activate target genes and also to interference with multiple signaling events 

upstream of NF-κB.28 Another mechanism through which mechanical loading acts is by 

preventing IL-1α–induced cartilage degradation.29 Bovine cartilage explants incubated with 

IL-1α led to the degradation of collagen and proteoglycans and resulted in aggrecan 

cleavage by MMPs and ADAMTS. Dynamic loading at 0.5 megapascals (MPa) and 0.5Hz 

of these explants inhibited the catabolic actions of IL-1α and prevented cartilage 

degradation.29

In vivo experiments have clearly demonstrated the anti-catabolic and anti-inflammatory 

effects of physiologic joint loading. Hindlimb immobilization of rodents resulted in 

catabolic changes, including reduced Safranin O staining, indicative of proteoglycan loss, 

and increases in MMP-3 and ADAMTS-5.30 However, 1 h of daily passive joint motion 
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inhibited the increases in MMP-3 and ADAMTS-5 and prevented changes in proteoglycan 

loss.30 In animal models of antigen-induced arthritis, daily bouts of passive motion therapy 

decreased joint inflammation and maintained the structural integrity of the articular cartilage 

when compared to immobilized controls, demonstrating its potential for therapeutic use. 

Mechanistically, passive motion therapy exerted potent anti-inflammatory effects. Passive 

motion significantly decreased the levels of proinflammatory genes and mediators of matrix 

breakdown (IL-1β, COX-2, MMP-1) and induced anti-inflammatory cytokine IL-10.26,31 

IL-10 has protective effects in cartilage,32 and its induction may be one mechanism by 

which mechanical signals render anti-inflammatory effects. Together, the in vitro and in vivo 
data suggest that a variety of loading conditions are sufficient to preserve cartilage integrity 

by counteracting cytokine-induced proinflammatory and catabolic effects.

In addition to the direct effects mechanical loading exerts on chondrocytes, exercise can 

affect the synovial cavity. One bout of exercise in female patients with OA increased the 

concentration of IL-10 in the synovial fluid and in the peri-synovial compartment when 

compared to a non-exercise group.33 Passive mobilization of knee joints in anesthetized 

rabbits increased hyaluronan (HA) secretion when compared to static controls.34 

Hyaluronan is synthesized by synoviocytes and contributes to the lubricating capacity of 

synovial fluid.35 In patients with OA, the concentration of HA is reduced,36 and intra-

articular injections of HA are widely used for the relief of knee pain associated with OA.37

Chondrocyte mechanotransduction

Mechanotransduction is the process by which biomechanical signals regulate cell activity 

and behavior. Chondrocytes are able to sense and react to mechanically induced changes 

within the cartilage matrix.38 Chondrocyte mechanotransduction is initiated at the interface 

between the cell membrane and extracellular matrix,39 and the processing of these 

mechanical signals involves mechanoreceptors such as ion channels and integrins. For 

example, membrane stretch, a condition that chondrocytes experience during compression or 

during hypo-osmotic conditions that cause swelling,40 activates potassium channels.41 The 

function of ion channels in chondrocyte membranes is not clear, but they may be involved in 

chondrocyte functions such as cell proliferation and matrix secretion.42,43 Integrins are 

heterodimeric transmembrane receptors consisting of α and β subunits44 and interact with 

cytoskeletal proteins such as fibronectin, vitronectin, and osteopontin.45–47 Mechanical 

stimulation of human chondrocytes increases expression of aggrecan and decreases MMP-3 

gene expression in a pathway involving the α5β1 integrin and IL-4 release.48 However, this 

response to mechanical stimulation is absent in chondrocytes derived from OA cartilage, 

suggesting abnormal chondrocyte signaling may be involved in OA disease progression.49

Little is known of the joint loading-activated signaling pathways that help maintain cartilage 

integrity in OA. To identify the molecular basis of exercise in osteoarthritis, transcriptome-

wide microarray analysis was performed in rodents experimentally induced with arthritis 

and either run on a treadmill daily for 21 days or subject to cage activity. Treadmill exercise 

initiated one day after arthritis induction significantly slowed progression of arthritis, while 

upregulating gene networks associated with matrix synthesis and suppressing 

proinflammatory gene networks.50 Of interest, treadmill exercise initiated five or nine days 
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after arthritis induction, when cartilage destruction was more severe, was less effective in 

protecting articular cartilage from destruction.50

The NF-κB network was one of the gene clusters suppressed by treadmill exercise.50 NF-κB 

transcription factors are involved in immune and inflammatory responses and regulate 

expression of genes responsible for inflammation, apoptosis, cell cycle, and matrix 

breakdown.51,52 In response to various stimuli such as TNF-α, IL-1β, and 

lipopolysaccharides (LPS), NF-κB is activated and translocates to the nucleus to regulate 

transcription of its target genes.53 With treadmill exercise, expression of many genes 

required for NF-κB activity was suppressed, suggesting the suppression of NF-κB activation 

mediates the anti-inflammatory effects of exercise.50

CITED2-mediated mechanotransduction

One transcriptional regulator that appears to play a crucial role in cartilage homeostasis is 

CITED2 (CBP/p300-interacting transactivator with ED-rich tail 2). CITED2 is a 

transcriptional coregulator that does not bind DNA directly. It positively regulates 

transcription by recruiting CBP (cAMP-responsive element-binding protein) and p300 to 

interact with other DNA-binding transcription factors such as Lhx2, PPARα, PPARγ, Smad 

2, and TFAP2.54 CITED2 also negatively regulates target genes by competing for CBP/p300 

binding with transcription factors including Ets-1, NF-κB, HIF-1α, STAT2, and p53.55,56 

Through these mechanisms, CITED2 is able to regulate many cellular processes such as 

embryonic development, cell proliferation, inflammation, and matrix turnover.54

With regard to cartilage integrity, CITED2 expression in chondrocytes in vitro is increased 

by moderate intensities of flow shear and intermittent hydrostatic pressure (IHP) and in 

chondrocytes in vivo by joint motion.57,58 Increased CITED2 expression in vivo correlated 

with the maintenance of cartilage integrity and the suppression of collagenase MMP-1, 

suggesting the anticatabolic effects of physiologic joint loading were mediated by 

CITED2.58 As demonstrated by competitive binding and transcriptional activity assays, 

CITED2 suppresses MMP-1 transcription by competing with MMP transactivator Ets-1 for 

binding to its coactivator p300. In addition to MMP-1, Ets-1 binds to the promoter regions of 

other MMPs including MMP-2, -3, -8, -9, and -13.59 Therefore, it is likely CITED2 may 

regulate additional MMPs through a similar manner.

Upstream of CITED2, moderate IHP loading phosphorylated p38δ, which was required for 

the transactivation of CITED2.58 p38 belongs to the MAP kinase family, which is activated 

in response to mechanical stresses.60 While moderate loading activated p38δ and CITED2, 

high levels of IHP phorphorylated p38α and MMP-1, but not CITED2. This may explain 

why CITED2 is specifically activated by moderate loading and also suggests that p38α is 

involved in the upregulation of MMP-1. The data indicate different members of the p38 

family may act as a “mechanosensitive switch” in chondrocytes, which act to upregulate or 

downregulate MMP expression based on the mechanical loading regimes. The evidence that 

CITED2 is inducible by IL-461 and may interact with components of NF-κB,56 suggests a 

potential role of CITED2 as a central mediator in these mechanotransduction pathways 

involved in maintaining cartilage integrity (Fig. 1).
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Conclusions

Physical activity is widely prescribed as a non-pharmacologic therapy for patients with OA. 

While moderate levels of physical activity are reported to exert beneficial clinical effects in 

patients with OA, the parameters for each type of exercise (i.e., intensity, duration, 

frequency) are not well characterized within the OA population. Furthermore, the 

mechanisms of how mechanical signals mediate these effects are not well understood. The 

recent identification of mechanotransduction pathways in response to physiological joint 

loading, such as the CITED2-mediated pathway, and its potential cross-talk to pathways 

mediated by NF-κB, contribute to our understanding of mechanisms underlying mechanical 

treatment, and may lead to novel therapeutic targets and strategies to treat or prevent 

cartilage destruction in arthritis.
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Figure 1. 
CITED2 as a central mediator of the hypothesized mechanotransduction pathways in the 

maintenance of cartilage integrity in healthy joints by balancing catabolic and anti-catabolic 

events, and in the reduction or prevention of cartilage degradation in diseased (OA) joints by 

suppressing upregulated proinflammatory networks in OA.
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