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Purpose of review

Physical therapies and exercise are beneficial not only for physiological recovery in inflamed or 

injured joints, but also for promoting a homeostatic equilibrium in healthy joints. Human joints 

provide the pivot points and physiological hinges essential for ambulation and movement to the 

body, and it is this mobility that in return promotes the health of the joints. But how mobilization 

regulates the joint microenvironment at the molecular level has remained enigmatic for many 

years. Recent advances in joint biomechanics and molecular approaches have facilitated an 

enriched understanding of how joints operate. Consequently, the mechanisms active during joint 

inflammation that lead to arthritic conditions, both in vivo in animal models, and in vitro at cell 

and tissue levels, have become increasingly detailed and defined. These efforts have produced 

mounting evidences supporting the premise that biomechanical signals play a fundamental role in 

both the etiopathogenesis of arthritic diseases and in the physiological restoration of joints. This 

report aims to summarize current peer-reviewed literature and available experimental data to 

explain how the signals generated by mechanical forces/joint mobilization generate beneficial 

effects on inflamed articular cartilage, and to propose the basis for using appropriate physical 

therapies for the optimal benefit to the patient suffering from joint associated injuries.
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 1. Introduction

Articular cartilage constantly experiences biomechanical forces during joint movement and 

is built to bear sustained heavy loads. The major forces experienced by cartilage are 

absorbed by the matrix composed of fluid-rich proteoglycans, and the anisotropic and 

heterogeneous fibrous network of collagen type II that provides the tensile and shear 

strength [59,80]. Chondrocytes, located in the gelatinous pericellular matrix of lacunae, 

constantly experience compressive, tensile and shear forces during joint movement [34,78]. 

These cells are mechanosensitive and maintain the cartilage matrix in a state of constant 
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turnover by a balance of anabolic and catabolic activities [2,35,36]. Therefore, 

understanding the mechanisms by which chondrocytes sense mechanical signals and 

respond to those signals is essential in order to incorporate optimal levels of mechanical 

stimuli for maintaining and improving cartilage health.

 2. Mechanical loading at low (physiological) levels inhibits 

proinflammatory gene induction and upregulates matrix synthesis

Mechanical loading within normal physiological limits is an important regulatory stimulus 

for cartilage biosynthesis [3,73] and tissue maintenance in vivo. During joint movement, 

chondrocytes experience dynamic compressive, tensile and shear forces (see Fig. 1). In vivo 
and in vitro studies have shown that the magnitude, frequency and duration of mechanical 

forces are all important determinants of the chondrocytic responses and ultimate fate of the 

articular cartilage [45,67,68]. Dynamic mechanical forces of low/physiologic magnitudes 

induce anti-inflammatory and anabolic responses in cartilage [8, 

5,11,12,18,29,39,40,48,50,64,73,77,79]. Compressive forces suppress expression of matrix 

metallopeptidase (MMP)-1, MMP-3, MMP-9 and MMP-13 gene expression, as well as 

prevent the down-regulation of aggrecan in chondrocytes stimulated by exogenous IL-1β 

[16,20,21,52,58]. Similarly, compressive forces inhibit interleukin (IL)-1β-induced nitric 

oxide synthase 2A (iNOS/NOS2A) and cyclooxygenase 2 (COX2/PTGS2) expression 

[11,12] and up-regulate proteoglycan synthesis and cell division in the presence or absence 

of IL-1. Similarly, dynamic tensile forces of low magnitudes induce anti-inflammatory 

responses by suppressing IL-1β, tumor necrosis factor-α (TNF-α) and lipopolysaccharide 

(LPS)-dependent iNOS, COX2, MMP-13 and MMP-1 expression, as well as prostaglandin 

E2 (PGE2) and nitric oxide (NO) production in articular chondrocytes [18,29,42,53,54,79] 

(Table 1).

Dynamic compression has been shown to up-regulate the expression of anabolic genes such 

as Aggrecan (ACAN), collagen type II (COL2A1) and TIMP metallopeptidase inhibitor 3 

(TIMP3) [26], while down-regulating specific genes of the matrix metallopeptidase (MMP) 

family [27,47,57]. Furthermore, cyclic tensile strain could augment cartilage repair by 

inducing ACAN, TIMP2 and COL2A1, as well as proteoglycan mRNA expression and 

synthesis by attenuation of IL-1β-induced suppression of these genes [1,17,79] (Table 1).

 3. Biomechanical signals of high (traumatic) magnitude are pro-

inflammatory

Exposure of cartilage to mechanical strain of high magnitudes leads to inflammation and 

synthesis of mediators of tissue destruction, such as IL-1 and TNF-α [24,68]. IL-1β and 

TNF-α actions lead to expression of multiple pro-inflammatory genes, including iNOS/
NOS2A, COX2/PTGS2, and MMP-1, MMP-3, MMP-9 and MMP-13 and down-regulate 

proteoglycans production. These mediators cause matrix degradation and inhibition of 

synthesis of matrix-associated proteins [22,23,25,31,51,65,66].
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Immobilization of healthy joints also results in cartilage matrix loss [38]. Static compressive 

strain exerts proinflammatory effects, inhibits the anabolic responses of cartilage to growth 

factors and increases catabolism, i.e., up-regulates the levels of MMPs, augments matrix 

loss, promotes proteoglycan and collagen type II degradation, as well as contributes to 

chondrocyte apoptosis [6,10,24,33,46,55,60,66,68] (Table 2).

 4. Intracellular mechanisms of actions of mechanical signals in 

chondrocytes

The preceding observations clearly demonstrate that tissue trauma, physiologically 

damaging forces, and restricted joint mobility are significant contributing factors in the 

etiopathogenesis of osteoarthritis (OA). On the other hand, patients with arthritic diseases 

benefit from rehabilitative physical therapies designed to reduce inflammation and improve 

joint function [4,15,32,56]. Thus, one of the striking properties of biomechanical signals is 

to activate or inhibit pro-inflammatory signaling responses. Since Nuclear Factor-kappaB 

(NF-κB) is an indispensable transcription factor for the regulation of pro-inflammatory gene 

induction, attention has turned to this signaling pathway as a possible mechanism for 

modulating biomechanical signals. Clinically, NF-κB is known to be constitutively activated 

in some rheumatic conditions such as rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE), as well as following traumatic injury of the joint. Furthermore, a 

number of anti-RA compounds have been shown to exhibit anti-NF-κB activities. These 

findings further emphasize the importance of detailed investigations into the pivotal role of 

the NF-κB activation pathway when examining the effects of biomechanical signals.

 5. Transcriptional regulation of pro-inflammatory genes by NF-κB

NF-κB transcription factors regulate a wide range of pro-inflammatory and anti-apoptotic 

genes, and are involved in both acute and chronic inflammatory responses. NF-κB is a rapid 

response, inducible, transcription factor that is controlled by sequential signal activation 

cascades. In physiologically resting cells heterodimers of the NF-κB/REL protein family are 

sequestered in the cytoplasm in an inactive form via interactions with members of the I-κB 

(NFKBI, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor) 

proteins [30,37,49,71]. In the classical NF-κB signaling pathway, binding of pro-

inflammatory mediators, such as IL-1β, TNF-α, and/or LPS to their cognate receptors leads 

to activation of a series of receptor-associated signaling molecules that converge at the 

common kinase, mitogen-activated protein kinase kinase kinase 7 (MAP3K7/TAK1). 

Phosphorylation of MAP3K7/TAK1 at Threonine 187, leads to activation of kinase activity 

of the central signalosome complex containing IκB Kinase (IKK, inhibitor of kappa light 

polypeptide gene enhancer in B-cells kinase). This kinase complex is comprised of three 

related molecules, inhibitor of kappa light polypeptide gene enhancer in B-cells kinase alpha 

(IKBKA/IKKA/IKK-α/CHUK), beta (IKBKB/IKKB/IKK-β), and gamma (IKBKG/IKKG/

IKK-γ), which then phosphorylate I-κBα and/or I-κBβ proteins. Following phosphorylation 

I-κB proteins are targeted for ubiquitin-mediated degradation, freeing the bound and 

inactivated NF-κB and faciliating its phosphorylation. Subsequently, the activated NF-κB 

translocates to the nucleus, where it binds to the consensus sequences of several genes 
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including pro-inflammatory cytokines and mediators, as well as some of the molecules 

required for the activation of NF-κB signaling cascade itself, intitiating a series of positive 

and negative feedback signaling loops [30,37].

 6. Biomechanical signals of high (traumatic) magnitudes induce NF-κB 

transcriptional activation and pro-inflammatory gene induction

Consistent with the observation that cyclic tensile strain (CTS) and cyclic compressive 

forces (CCF) of high magnitude induce pro-inflammatory gene induction in chondrocytes, 

are the findings that these signals initiate the nuclear translocation of p65/p50 heterodimers 

of NF-κB (Fig. 2). Furthermore, caffeic acid phenethyl ester (CAPE), a cell-permeable 

specific inhibitor of NF-κB, completely abrogates mechanical strain-induced NF-κB nuclear 

translocation and iNOS mRNA expression, confirming that the actions of these mechanical 

signals are mediated by NF-κB family transcription factors [1,61]. Which specific proteins 

within the NF-κB signaling cascade are distinctively activated by biomechanical CTS or 

CCF of high magnitudes remains to be further elucidated.

 7. Biomechanical signals of low (physiological) magnitude inhibit NF-κB 

nuclear translocation and suppress IL-1β-mediated proinflammatory gene 

induction

Mechanical signals of low/physiological magnitudes block the IL-1β-induced transcriptional 

activity of NF-κB by intercepting multiple steps in the NF-κB signaling cascade (Fig. 3). In 

both chon-drocytes and fibrochondrocytes, CTS of low magnitudes does not appear to 

inhibit IL-1β, TNF-α, or LPS receptor-mediated pro-inflammatory gene induction [1,19,53]. 

These findings suggest that mechanical signals use specific target sites to trigger NF-κB 

signaling. However, all of these signals inhibit MAP3K7/TAK1 activation, a common 

converging point of signal transduction generated by all three receptors, CTS at low 

magnitudes inhibits IL-1β-induced phosphorylation of MAP3K7/TAK1 at Thre-onine 187, 

blocking its kinase activity. The suppression of MAP3K7/TAK1 activation leads to 

inhibition of IL-1β-induced phosphorylation of IKK-β, a key regulatory molecule in the 

signalosome complex that modulates several functions within the NF-κB signaling cascade. 

CTS-mediated inhibition of IKK-β activity leads to a marked reduction in the 

phosphorylation and failure of subsequent degradation of I-κBα and I-κBβ. Consequently, 

NF-κB remains inactive and sequestered in the cytoplasm by I-κBα and I-κBβ preventing its 

nuclear translocation. Finally, inhibition of the nuclear translocation of NF-κB results in 

suppression of the transcriptional activation of several additional pro-inflammatory genes.

Interestingly, CTS regulates the NF-κB signaling cascade at multiple steps to prevent NF-

κB-mediated pro-inflammatory gene transcription. One of the important roles of I-κBα is to 

shuttle intranuclear NF-κB across the nuclear membrane and back into the cytoplasm. CTS 

rapidly promotes I-κBα nuclear import to complex any available translocated NF-κB, and 

export it out of the nucleus to terminate its transcriptional activity (Fig. 3(a)).
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In addition to the pro-inflammatory genes previously described, IL-1β induces the 

expression and eventual synthesis of multiple proteins involved in the maintenance of NF-

κB signaling, perpetuating the inflammatory response. Inhibiting the expression of these 

molecules within the NF-κB signaling pathway is yet another mechanism by which CTS 

inhibits the pro-inflammatory gene response. For example, CTS readily inhibits I-κBα 

mRNA expression as a direct consequence of I-κBα falling under the transcriptional control 

of NF-κB (Fig. 3(b)).

 8. Conclusion

In summary, it is apparent that the mechanical loading of chondrocytes is a key element for 

the both the regulation of healthy cartilage homestasis and regeneration, as well possible 

repair in response to traumatic damage. Here we have summarized how signals generated by 

biomechanical forces regulate the NF-κB signaling pathways to exert their pro- and anti-

inflammatory effects. Chondrocytes respond to biomechanical forces in a magnitude- and 

frequency-dependent manner. Cyclic forces of physiologic levels suppress pro-inflammatory 

gene inductions, while static forces invariably induce pro-inflammatory gene expressions. 

Biomechanical signals initiated by cyclic tensile forces of high (traumatic) magnitudes 

induce pro-inflammatory genes by activating the NF-κB signaling cascade. On the other 

hand, at lower (physiological) magnitudes these signals attenuate the expression of cytokine-

induced pro-inflammatory genes by inhibiting NF-κB at multiple steps within the signaling 

cascade.

NF-κB is constitutively activated following traumatic joint injury as well as in some 

rheumatic conditions, strongly implicating its role in joint inflammation [7,9,43,62,70,72]. 

Additionally, application of inhibitors of IKK or NF-κB is shown to be efficacious in 

suppressing inflammation of arthritic joints [13, 14,28,41,63,74,75]. Present investigations 

reveal a fundamental role for the signals generated by tensile forces in inhibiting NF-κB 

signaling and its subsequent pro-inflammatory gene induction. Thus, biomechanical signals 

appear to be the one of the most potent modulators of cartilage/joint inflammation and 

regeneration yet characterized. In addition to contributing to fundamental advances in the 

basic science of cartilage biomechanical signaling, further understanding of the 

biomechanical and mechanotransduction roles of chondrocytes in vivo could lead to the 

development of appropriate physical therapies. These clinical intervention strategies could 

be rationally and systematically designed to provide patient-specific, magnitude- and 

dosage-dependent, applications of biomechanical stimuli so as to generate those signals 

optimal for the therapeutic management of the arthritic joint microenvironment.
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Fig. 1. 
Types of biomechanical forces exerted on chondrocytes. (A) A scanning electron micrograph 

of a normal chondrocyte in a 3D construct surrounded by extra cellular matrix (ECM) is 

shown in the middle. Chondrocyte and ECM deformation after active compression that 

consequently results in passive tensile forces and radial fluid flow, is shown in the left panel. 

Chondrocytes and ECM deformation in response to shear forces, is shown in the right panel. 

(B) A representation of dynamic compressive forces that can be of equal or varying time 

intervals (frequencies), and lead to cyclic matrix and chondrocyte deformation. (C) A 

representation of static compressive forces, which involves a ramp and hold type effect that 

increases hydrostatic pressure and induces matrix deformation [33,65].
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Fig. 2. 
Transcriptional regulation of various genes in response to mechanical forces. Cyclic/

dynamic compressive and tensile forces of low magnitudes upregulate synthesis of matrix 

associated proteins such as proteoglycans, collagen type II, aggrecan, TIMPs and COMP. In 

addition, biomechanical signals of low magnitudes inhibit IL-1β-induced expression of 

proinflammatory genes as well as abrogate cytokine mediated inhibition of synthesis of 

matrix associated proteins. Contrarily, dynamic/static compressive and tensile forces of high 

magnitudes and static forces induce expression of proinflammatory genes that are associated 

with matrix destruction such as iNOS, COX-2, MMPs, ADAMTS-4 and ADAMTS-5. In 

parallel, these forces inhibit expression of matrix associated molecules such as aggrecan, 

collagen type II, TIMPs and COMP.
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Fig. 3. 
Schematic respresentation of the mechanisms of intracellular actions of dynamic tensile 

strain. (a) Cyclic/dynamic tensile strain of low magnitudes (CTS-L) suppresses IL-1β 

induced proinflammatory gene induction by intercepting salient steps in the NF-κB 

signaling cascade to inhibit its transcriptional activity. (i) CTS inhibits TAK1 activation, the 

point of convergence of signals generated by IL-1β, TNF-α or LPS, to subsequently inhibit 

IKK. Inhibition of IKK activation leads to suppression of phosphorylation and degradation 

of I-κBα and I-κBβ. This is followed by the failure of NF-κB dissociation from I-κBα and I-

κBβ and thus inhibition of its nuclear translocation. (ii) At the initial stages of IL-1β-

mediated activation of cells, CTS-L upregulates I-κBα nuclear translocation to prevent NF-

κB binding to the DNA and facilitate export of nuclear NF-κB, that may enter the nucleus. 

(iii) CTS also suppresses IL-1β-induced I-κBα and I-κBβ mRNA expression. These actions 

collectively inhibit proinflammatory gene induction as well as expression of molecules 

involved in NF-κB signaling cascade to suppress inflammation. Thin arrows indicate NF-κB 

signaling pathway activated by IL-1β. The stop arrows indicate the points where CTS-L 

intercepts the NF-κB signaling cascade. The arrows in I-κBα/NF-κB shuttling circle show 

the mechanisms by which I-κBα shuttles the NF-κB out of the nucleus. (b) Cyclic/dynamic 

tensile strain of high magnitudes (DTS-H) upregulates proinflammatory gene transcription 

by inducing I-κBα and I-κBβ degradation and subsequent nuclear translocation of NF-κB. 

This results in the transcriptional activation of proinflammatory mediators including NOS2, 

COX-2, MMPs, IL-1β and TNF-α, and inhibition of the expression of matrix associate 

proteins, aggrecan, collagen type II and TIMPs. Thin arrows indicate pathway regulated by 
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IL-1β. Heavy arrows indicate points where CTS-H is as yet known to activate NF-κB 

signaling cascade.
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Table 2

Molecules that are regulated by dynamic/static tension or compression of high/hyperphysiologic magnitudes

Molecule Experimental system Up/down regulation CF/TF References

ADAMTS 4/5 C, EC Up CF [27,46,47,52]

Aggrecan C, F, EC, in vivo Down CF/TF/in vivo [8,27,33,67,68]

Collagen II C, EC, in vivo Down CF [10,25,27,52,67,68]

COX-2 C, F, EC, in vivo Up CF/TF [22,23]

IL-1β C, F, EC, in vivo Up CF/TF/in vivo [46,60,65]

iNOS/NO C, F, EC, Up CF/TF [23,24]

MMP-1 C, F, EC, in vivo Up CF/TF

MMP-3 C, F, CE Up TF/in vivo [16,27,31,46,52,65]

MMP-9 C Up TF/in vivo [52]

MMP-13 C Up CF/TF [16,65]

Proteoglycan C, F, EC, in vivo Down CF/TF/in vivo [25,27,33,52,55,60,65,66,69]

TIMP I/II EC CF [27,46]

Abbreviations: C, chondrocytes; CE, cartilage explants; CF, compressive forces; F, fibrochondrocytes; TF, tensile forces.
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