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Abstract

Osteoarthritis (OA) is a chronic disease that degrades the joints and is often associated with 

increasing age and obesity. The two most common sites of OA in adults are the knee and hip 

joints. Increased mechanical stress on the joint from obesity can cause the articular cartilage to 

degrade and release damage associated molecular patterns (DAMPs). These DAMPs are involved 

in various molecular pathways that interact with nuclear factor-kappa B (NF-κB) and result in the 

transcription of inflammatory cytokines and activation of matrix metalloproteinases (MMP) that 

progressively destroy cartilage. This review focuses on the interactions and contribution to the 

pathogenesis and progression of OA through the DAMPs: high mobility group box 1 (HMGB-1), 

the receptor for advanced glycation end-products (RAGE), the alarmin proteins S100A8 and 

S100A9, and heparan sulfate. HMGB-1 is released from damaged or necrotic cells and interacts 

with toll-like receptors (TLRs) and RAGE to induce inflammatory signals, as well as behave as an 

inflammatory cytokine to activate innate immune cells. RAGE interacts with HMGB-1, advanced 

glycation end-products, and innate immune cells to increase local inflammation. The alarmin 

proteins are released following cell damage and interact through TLRs to increase local 

inflammation and cartilage degradation. Heparan sulfate has been shown to facilitate the binding 

of HMGB-1 to RAGE and could play a role in the progression of OA. Targeting these DAMPs 

may be potential therapeutic strategies for the treatment of OA.
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1. Introduction

Osteoarthritis (OA) is a significant cause of joint pain and disability [1]. There are many risk 

factors for OA including age, joint trauma, biomechanics, and obesity [2]. OA causes loss of 

the joint space through degradation of articular cartilage. The unbalanced process of 

degradation and repair is the ultimate process of OA. Understanding how degradation occurs 

in the joint is paramount to understanding how the disease progresses, and how to best 

proceed with treatment. Studies have demonstrated the increased presence of damage 

associated molecular proteins (DAMPs) in joints affected by OA and their probable role in 

the pathogenesis of the disease [2–6]. However, other factors such as obesity and increased 

mechanical loads have also been associated with its pathogenesis [7].

The damage caused by mechanical stress on the joint results in the release of DAMPs that 

trigger an innate immune response [2]. One known cause of an increased mechanical stress 

on joints is obesity. Therefore, obesity may facilitate the release of DAMPs to potentiate 

OA. These DAMPs can originate from the extracellular matrix, intracellular alarmins, 

plasma proteins, and crystal deposits [2]. DAMPs interact with pattern recognition receptors 

(PRRs) to initiate inflammation. Overexpression of DAMPs in joints has been linked to the 

pathogenesis of OA [2]. The aim of this review is to provide a summary of five DAMPs 

associated with OA in the knee and hip joint, as well as summarize possible therapies to 

affect the role of those DAMPs in the disease (Fig. 1).

2. Pathophysiology of Osteoarthritis

The two most common locations of OA are the knee and hip [8]. However, each joint 

experiences and handles increased mechanical loads differently. Unbalanced mechanical 

loading on the joint may lead to chondral damage in the knee [1]. It is not only the 

magnitude of the load but also the location of the load that influences damage, as more 

damage is observed on the medial surface of the tibia [9]. Knee adduction in the gait has 

been associated with femoral cartilage changes, and external knee flexion has been 

associated with more tibial cartilage changes [10]. Obesity has been associated with 

increased mechanical loading on the joint, as well as altering one’s gait. Like the knee joint, 

the hip is more likely to be affected by OA in obese patients, but the relationship between 

obesity and OA is not as strong in the hip as in the knee [11]. There is an elevated risk of hip 

OA in men involved in heavy manual work such as construction and farming, implying the 

hip is better at bearing increased load compared to the knee but is still vulnerable to 

increased weight [11]. Increased body weight in obese patients is an increase in fat and 

muscle mass without a change in muscular strength. In order to compensate for the increased 

load, gait is adjusted and that adjustment results in the location of load changing within the 

joint, which adds to the degeneration [7]. The extra weight in obese patients may compress 

mechanoreceptors on chondrocytes and illicit a local proinflammatory response within the 

joint that further contributes to OA. Additionally, obesity leads to the release of local and 

systemic proinflammatory markers, and in fact, low-grade systemic inflammation is 

considered a hallmark of obesity [7]. Obesity contributes to OA through two pathways, a 

weight dependent pathway where the mechanical load is increased on the joint, and a 

weight-independent pathway that results in both systemic and local inflammation [12]. 
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Heavy mechanical load remains the largest contributor to the development of OA in the knee 

and hip joint, along with the cycle of inflammation and repair.

3. Damage Associated Molecular Patterns

DAMPs play a role in OA by binding to various receptors such as: toll-like receptors 

(TLRs), advanced glycated end product receptors (RAGE), and the NLRP3 inflammasome 

on macrophages or chondrocytes, and activate signaling cascades such as: nuclear factor-

kappa B (NF-κB) and mitogen -activated protein kinases (MAPK) pathways (Fig. 1). The 

NF-κB pathway is a regulator for inflammatory processes in chondrocytes, and allows those 

cells to express matrix metalloproteinase (MMPs), nitrous oxide synthase 2 (NOS2), 

cyclooxygenase-2 (COX2) and interleukin-1 (IL-1) which can cause apoptosis, shift in cell 

phenotype, and over-expression of proinflammatory genes that ultimately contribute to 

further destruction of cartilage [13]. Activation of the MAPK pathway via mechanical and 

inflammatory stimuli works through ERK, JNK and p38 kinase signaling cascade to induce 

gene expression of catabolic and inflammatory genes that participate in the induction of 

MMP-13, a collagenase with a higher selectivity toward collagen-II [13]. The majority of 

DAMPs implicated in OA are components of the extracellular matrix such as biglycan, 

fibronectin, heparin sulfate, tenascin-c, and hyaluronan, while others are cellular proteins 

such as high mobility group box-1 (HMGB-1), heat shock proteins (HSP), and S100A 

protein families, while others are plasma proteins like fibronectin, or crystals like basic 

calcium phosphate [2, 14]. Biglycan, fibrinogen, hyaluronan, fibrinogen, HMGB-1, HSPs, 

tenascin-c, and S100 family proteins bind to TLRs and RAGE, and basic calcium phosphate 

and other crystals interact with NLRP3 inflammasome [2, 13]. Since upregulation of RAGE 

has been associated with OA, this review will focus on the role of RAGE in OA, as well as 

its ligands HMGB-1, S100A protein family, and heparin sulfate [15].

3a. High Mobility Group Box-1

HMGB-1 is a non-histone nuclear protein that facilitates the binding of transcription factors 

and aids in the maintenance of nucleosomal structure [16]. HMGB-1 is present in all 

eukaryotic cells, and its release from the nucleus is associated with an inflammatory 

response, meaning the molecule has a dual role: as a nuclear protein, and as a cytokine [17]. 

HMGB-1 can be released following damage to cells, like necrosis or hypoxia, or following 

stimulation from cytokines like tumor necrosis factor (TNF)-α [18]. Since HMGB-1 is 

nearly ubiquitous, and its extracellular presence can trigger an inflammatory response, 

HMGB-1 is thought to be a large contributor to the pathogenesis of chronic inflammatory 

diseases like OA [3]. A study by Terada et al. [16] found that significantly increased ratios of 

HMGB-1 positive cells were present with higher grades of OA in knee cartilage, relative to 

cartilage normal joints, and in grade 1 OA joints. However, HMGB-1 is not just an expresser 

of inflammation but also acts as a trigger that stimulates many other pro-inflammatory 

cascades [16]. IL-1β and TNF-α have been shown to stimulate the release of HMGB-1 from 

chondrocytes, where HMGB-1 will then bind to TLRs and RAGE on macrophages and other 

neighboring cells [16]. HMGB-1 binding to TLR-4 will proceed down the MyD88 

dependent pathway, and activate transcription factors NF-κB, AP (activator protein)-1 and 

MAPK [14] (Fig. 1). On macrophages, this pathway will induce the production of IL-1β and 
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TNF-α, which will, in turn, increase inflammation and stimulate more release of HMGB-1 

on chondrocytes [16]. Additionally, IL-1β and TNF-α will upregulate TLR-2, another 

receptor for HMGB-1, suppress extracellular matrix synthesis, and induce the expression of 

other cytokines such as IL-6 and IL-8 which promote cartilage catabolism by producing 

matrix-degrading enzymes [19]. HMGB-1 has been known to induce the release NO, 

MMP-3, MMP-13, and a disintegrin and metalloproteinase with thrombospondin motifs 5 

(ADAMTS-5) via secretion by chondrocytes, and therefore exhibits the same 

proinflammatory responses observed by TNF-α and IL-1β [20]. HMGB-1 is involved in a 

cyclic proinflammatory process which the release of HMGB-1 can be triggered by 

chondrocyte damage or the release of cytokines such as IL-1β. The binding of released 

HMGB-1 with TLRs and RAGE will induce a signaling cascade largely through NF-κB 

pathway. This, in turn, triggers the expression of more proinflammatory cytokines, such as 

IL-1β which will continue the inflammatory cycle by releasing more HMGB-1. TLR2, 

TLR4 and their associated molecule MyD88 with HMGB-1 are central to chondrocyte 

matrix catabolism and chondrocyte hypertrophy, however HMGB-1 interactions with RAGE 

in addition to TLRs comprise the total chondrocyte catabolic processes triggered by 

HMGB-1 [20]. Since HMGB-1 is so involved in chondrocyte inflammation, especially in 

OA, HMGB-1 can be used as a marker to assess the severity of cartilage damage in OA [18]. 

RAGE, in addition to binding to HMGB-1, is upregulated in OA to a significant degree and 

contributes to the disease [16] (Fig. 1).

3b. Receptor of Advanced Glycation End-product

RAGE is a member of immunoglobulin family, and acts a receptor of advanced glycation 

end-products, and is expressed in a diverse array of cell types to include macrophages and 

endothelial cells [21]. However, an increase in RAGE expression is noted in OA and its 

ability to stimulate NF-κB and MAPK pathways leading to MMP-13 stimulation suggest 

that RAGE and its ligand play a direct role in the degradation of the joint [21]. Advanced 

glycated end-products (AGEs), a ligand for RAGE, are formed by glycation of proteins with 

sugars; their accumulation is related to protein turnover. The long life of collagen contributes 

to an increase in AGEs, especially in cartilage, and may explain an age-related 

predisposition to OA [4]. Increasing AGE would increase signaling cascades initiated by 

RAGE and lead to the production of MMPs and other proinflammatory cytokines, possibly 

contributing to OA (Fig. 1). In addition to AGEs, RAGE also binds HMGB-1, S100 

alarmins, which induced oxidative stress and stimulates MMP-13 production to degrade 

collagen II in cartilage [21]. HMGB-1 interacts with RAGE and initiates signaling pathways 

through NF-κB that propagate further expression of RAGE through an amplification loop in 

addition to inducing inflammatory cytokines [22]. MMP-3 expression in chondrocytes has 

been shown to proceed through HMGB-1 and RAGE signaling; binding of RAGE with 

HMGB-1 can stimulate c-Src/Akt/NF-κB cascade leading to MMP-3 production [22]. 

RAGE has been shown to play a role in OA, with noted increase where its ligand is more 

prevalent; in aging populations where AGEs are increased, as well as in patients where 

HMGB-1 and S100 alarmins are increased [4] (Fig. 1). Decreased RAGE density is noted in 

healthy joints [21]. NF-κB can bind to the RAGE promoter; any stimuli that increase NF-κB 

activity can activate RAGE transcription [21]. Ligands such as HMGB-1 and S100 that can 

interact through TLRs and the NF-κB pathway can induce RAGE production, as well as 

Rosenberg et al. Page 4

Mol Cell Biochem. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytokines such as IL-1β [21]. Furthermore, inhibition of RAGE with sRAGE, a truncated 

form of RAGE, suppressed the development of OA in mice models [21]. This suggests that 

RAGE plays a vital role in the pathogenesis and development of OA, and can help explain 

part of the reason aging populations are at higher risk for OA via the increase of AGEs. It 

has been revealed that chondrocytes express several types of RAGE that have undergone 

post-translational modifications, with the 55-kd form more prevalent in OA [21] (Fig. 1).

RAGE is expressed in a variety of cell types to include macrophages and chondrocytes. 

Inflammatory cytokines such as TNFα and IL-1β and DAMPs such as HMGB-1 and S100 

proteins can induce RAGE expression through NF-κB/ERK pathways [21]. Binding of 

RAGE will further activate NF-κB pathways that induce oxidative stress and MMPs, to 

include MMP-13 in chondrocytes, as well as cytokines TNFα and IL-1β. Those molecules 

contribute to further degradation of cartilage as well as increase general inflammation and 

participate in an amplification loop that upregulates RAGE. Age and obesity are considered 

two of the greatest risk factors for OA, and since an increase in AGEs are correlated in aging 

populations, and obesity is correlated with increased release of DAMPs such as HMGB-1, 

both factors contribute to upregulation of RAGE [4]. RAGE upregulation may be vital to the 

pathogenesis of OA, and suppression of RAGE could lead to therapeutic outcomes in 

patients with OA.

3c. S100A8 and S100A9

S100A8 and S100A9 are calcium binding proteins that are involved in pathways regulating 

the cytoskeleton, movement, migration, and adhesion, as well as help in regulating the 

enzyme activities in a calcium-dependent manner [6, 23]. However, when released from the 

cell they act as proinflammatory cytokines known as alarmins [6]. S100A8 and S100A9 

have been found in granulocytes, monocytes, and macrophages, and the increase of these 

proteins has been found in patients with inflammatory arthritis [6]. The alarmins can be 

secreted as homodimers and heterodimers and the heterodimer has been known to enhance 

leukocyte recruitment to the local environment. S100A8/9 complex can bind to endothelial 

surface receptors and interact with surface receptors such as heparin sulfate, and RAGE but 

the major receptor is TLR 4 [23] (Fig. 1). Chondrocytes have also been shown to express the 

S100A8 and S100A9 alarmins following stimulation via IL-1 and their increase is believed 

to play a role in cartilage degradation [6].

Cartilage is not the only tissue affected by OA. OA is driven by pathologic changes in the 

synovium and subchondral bone as well, with 50% of OA patients showing synovial 

inflammation in the early and late stages of the disease [24]. Studies by Van Lent et al. [24] 

showed that macrophage activation was crucial in regulating synovial inflammation and 

subsequent cartilage degradation in osteoarthritis [24]. While OA is typically thought of as a 

disease of cartilage degradation, more evidence is suggesting that synovial inflammation and 

synovial macrophage in synovitis play a role in cartilage degeneration [5, 24]. The synovial 

macrophages play a significant role in cartilage degradation, as the removal of these 

macrophages prior to the introduction of experimental OA resulted in almost complete 

halting of MMP induced destruction and osteophyte formation [24]. Extracellular S100A8 

has been shown to stimulate the expression of various MMPs and is thought to be a major 
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mediator of cartilage degradation [23]. Therefore, the current evidence suggests that 

extracellular alarmins released by chondrocytes and contributes to cartilage degradation and 

advancement of OA, however, their role in the onset and progression of OA remain unknown 

[6]. Their net catabolic effect is achieved through TLR-4 signaling and is significantly 

higher in OA chondrocytes than normal chondrocytes [5] (Fig. 1).

A study by Zreiqat et al. [6] found that the regulation of S100A8 and S100A9 secretion from 

chondrocytes could play a role in the early stages of OA and highlight differences between 

OA and other inflammatory joint diseases. S100A8 and S100A9 as homodimers promote 

increased catabolism, while the heterodimer does not tend to affect metabolism, so a 

dysregulation of the two proteins has potential pathogenic effects [6]. Furthermore, 

immunostaining in surgically-induced mouse OA of the alarmins was restricted to load-

bearing cartilage which suggests that mechanical factors, rather than systemic factors such 

as cytokines, play a more significant role in the metabolism of the alarmins in OA [6]. The 

increase of the extracellular alarmins results in an increase in MMPs as well as stimulates 

the release of IL-6, IL-8, and IL-1β, which may attract granulocytes to the cartilage and IL-8 

could initiate a positive feedback loop by increasing the number of inflammatory cells in the 

joint which release more S100A8/9 proteins [5] (Fig. 1). Patients with increased S100A8 

and S100A9 levels were shown to have a highly increased risk of developing severe OA, and 

since S100A8/9 remains at high levels for a prolonged period of time, they may be effective 

biomarkers for assessing and predicting the cartilage destruction in OA [24].

S100A8/9 proteins can be released from synovial macrophages after macrophage activation 

from other cytokines, and play role in synovitis and cartilage degradation. Chondrocytes also 

release the alarmins, but evidence suggests chondrocytes depend more on mechanical 

stressors to initiate the release of alarmins than cytokines. Since the alarmins have increased 

levels in OA, and their levels remain high for prolonged periods of time, their potential as a 

biomarker that judges and predicts the severity of OA could have therapeutic value.

3d. Heparan Sulfate

Heparan sulfate proteoglycan surface receptors (HSGP) are among the most abundant 

receptors and serve to modulate the binding of extracellular proteins to other receptors on 

the cell [25]. Since HSGPs serve as modulators, they can affect ligand/receptor encounters 

by altering ligand concentrations or receptor oligomerization [25]. Heparan sulfate is non-

selective molecule and can also facilitate the binding of cellular proteins to matrix 

components, allowing synovial macrophages to bind to cartilage in arthritis [26]. HMGB-1 

and RAGE have also been shown to bind heparan sulfate [27]. HMGB-1 is heparan sulfate-

dependent signaling factor but is controlled at the RAGE level opposed to HMGB-1 [27]. 

Evidence suggests that RAGE and heparan sulfate are preformed complexes at the 

endothelial surface that help facilitate the binding of RAGE and HMGB-1 [27]. Since 

HSGPs are non-selective and act on a variety of DAMPs to include RAGE, HMGB-1, and 

heat shock proteins, HSGPs may serve as vital coreceptor during inflammatory processes in 

damaged tissue [27]. HSGPs may also serve to localize that inflammation; HMGB-1 may 

bind heparan sulfate in the extracellular matrix thereby preventing greater diffusion of the 

DAMP (Fig. 1).
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Heparan sulfate is a protein that exists in the ECM and serves to modulate binding between 

ligands and receptors. HSGP is a non-selective molecule that may play a role in local 

inflammation of damage tissue by binding HMGB-1 and RAGE. Regulation appears to 

occur at the level of RAGE, where preformed complexes between heparan sulfate and 

RAGE seem to facilitate binding of RAGE ligands such as HMGB-1. Additionally, heparan 

sulfate may aid in localization of inflammation by binding HMGB-1 in the ECM to restrict 

further diffusion of the molecule.

4. Therapeutic Aspects of DAMPs in OA

There are many therapies and proposed algorithms to treat damaged articular cartilage, but 

current treatments can often result in unsuccessful clinical outcomes [28]. More effective 

restorative therapies are needed to more effectively treat OA. One such therapy to treat 

cartilage loss can be the construction of scaffolds to create a substitute for native cartilage 

[28]. Marrow stimulation can sometimes be ineffective because the mature structure of 

cartilage does not form correctly. Alternatives to traditional marrow stimulation techniques 

include stem cells introduced to polymer scaffolds that are biocompatible, biodegradable and 

that allow for cell proliferation and adhesion present a viable option for interventionist 

therapy [28]. Chondrocytes should not be the cell of choice to populate the scaffold because 

the expansion of chondrocytes has been shown to lead to dedifferentiation [28]. Instead, 

mesenchymal stem cells present the most viable option to populate polymer scaffolds to 

create substitute articular cartilage [28]. Other potential therapies include weight 

management and exercise, controlling inflammation, drug therapy, mitigating DAMPs and 

signaling cascades, and addressing occupational risk factors that are associated with OA. 

The goals for these therapies are to replace arthritic cartilage in an attempt to reverse the 

damage caused by OA and reduce the effects of DAMPs in the joint through targeted 

molecular therapy and the removal risk factors that increase the activity of DAMPs such as 

obesity.

The greatest stressors leading to the development of OA are biomechanical and are largely 

associated with increasing BMI and body weight. In fact, for every 5 kg of weight gained, 

there is an increased 36% chance of developing OA [7]. The most therapeutic treatment for 

OA in patients with high body mass index (BMI) is to lose weight. Losing weight can lead 

to a decrease in pain and less fear of movement and a loss of 10% body weight have been 

associated with moderate to large clinical improvements in joint pain [7]. The most 

successful programs have been a combination of aerobic exercise to lose body weight and 

resistance exercises to increase muscle strength around the joint to ameliorate arthritis 

associated pain [7]. Increased mechanical load along with increased inflammation within 

joints are two of effects from increased body fat. A loss of weight can decrease mechanical 

load and possibly fix altered gait, both of which are implicated in cartilage degradation. 

Decreased load and stresses on the chondrocytes translate to a lower expression of DAMPs 

than those with OA [2] (Fig. 2).

Controlling inflammation and muscle weakness can be another viable option to treat OA, 

and some relief can be achieved by removing synovial macrophages or treatment with 

vitamin D [24, 29]. Vitamin D can have therapeutic effects in patients with OA because 
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vitamin D modulates mechanical issues by addressing quadriceps weakness [29]. 

Furthermore, vitamin D deficiency has been associated with OA, with vitamin D-deficient 

men twice as likely to have hip OA compared to those with normal levels of vitamin D [30]. 

Modulating strength of the quadriceps is important because stronger quadriceps translates to 

a stronger knee joint, and those with knee OA were found to have significantly weaker 

quadriceps, hamstrings, and hip muscles compared with age-matched controls [31]. 

Quadriceps weakness is considered an early symptom of knee OA because weakness in the 

muscle increases load-bearing on the knee joint, and this increased load contributes to 

cartilage damage and loss [29]. It was believed that vitamin D deficiency also associated 

with an increase in inflammatory cytokines, but data by Barker et al. [29] suggests that a 

decrease in vitamin D with an increase in γ-tocopheral leads to increased inflammatory 

cytokines; while purely vitamin D deficiency associated with quadriceps dysfunction and 

decreasing γ-tocopheral in vitamin D sufficient patients could have therapeutic 

inflammatory effects [29]. Since vitamin D deficiency is associated with incidence and 

progression of OA, increasing vitamin D levels can have therapeutic effects by increasing 

quadriceps strength and reducing inflammation in the joint [32]. While not a true 

interventionist therapy that actively fights against cartilage damage, vitamin D can reduce 

risk factors and slow the progression of the disease. Weight loss and vitamin D can relieve 

compressive forces on load bearing joints, but other methods should be used to mitigate the 

effects of DAMPs in the progression of OA (Fig. 2).

MMPs degrade proteins in the extracellular matrix, and MMP-13 has been shown to be 

selective for collagen II, an important molecule in articular cartilage [13]. MMP-13 can be 

expressed through signal cascades initiated by binding of HMGB-1, RAGE, S100A8, and 

S100A9 to their appropriate ligands. Targeting MMPs does not affect DAMPs in OA, but 

does serve to mitigate the deleterious effects of DAMPs. Promising results have been 

achieved through MMP inhibitor doxycycline [2] (Fig. 2). While MMP inhibitors do not 

directly target DAMPs, MMP inhibitors can attenuate the effects of MMPs produced as a 

result of DAMPs activated downstream signaling pathways (Fig.1). MMP collagenases can 

be inhibited by tissue inhibitors of metalloproteinases (TIMPs) namely TIMP-1, TIMP-2, 

TIMP-3 and TIMP-4 [33]. Interestingly, drugs that target the inflammatory cytokines TNF-α 
and IL-1β were not shown to be effective in OA [2]. Instead, therapies that target the 

cytokine effects of HMGB-1, RAGE and TLRs that participate in the MyD88 dependent 

pathway are all viable targets for therapy.

HMGB-1 A box peptide has been found to mitigate the symptoms of OA by inhibiting the 

cytokine activity of HMGB-1 [34, 35]. Additionally, cytokine-release inhibitory drugs 

(CRIDs) have been shown to interfere with HMGB-1 release from the nucleus into the 

extracellular space, effectively preventing the inflammatory role of the molecule [35] (Fig. 

2). Other steroid and nonsteroidal anti-inflammatory drugs (NSAID) failed to prevent 

HMGB-1 release and the subsequent signaling cascades [35]. Glycyrrhizin, a chelator of 

HMGB-1 derived from licorice plant, binds and stops HMGB-1 activities [36] (Fig. 2). 

Fortunately, the DNA binding capability of HMGB-1 is mildly blocked while glycyrrhizin 

more significantly blocks HMGB-1 cytokine activity [35]. Glycyrrhizin may show the 

greatest therapeutic potential by blocking directly interfering with HMGB-1 extracellular 

cytokine activities, while CRIDs and HMGB-1 A box peptides can only block the release of 
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HMGB-1 from activated macrophages, but fail to act on HMBG-1 that is passively released 

by necrotic tissue, or upon extracellular HMGB-1 [35]. RAGE, a receptor for HMGB-1 and 

integrin binding site for inflammatory cells can be inhibited by using soluble RAGE or 

sRAGE [37] (Fig. 2).

sRAGE acts as a competitive inhibitor to RAGE and can completely inhibit downstream 

signaling and integrin binding [37]. Animal studies have shown promise using sRAGE to 

inhibit RAGE activity, but the long term effects of a RAGE blockade and the benefits and 

costs of blocking RAGE in humans are currently unknown [37] (Fig. 2). TLRs and the 

MyD88 pathway can be targeted for therapy via antibodies or the deubiquitinating enzyme 

A20 [38]. A20 limits the signaling cascade associated with TLRs and MyD88 and reduces 

inflammatory responses and the release of other cell signals such as HMGB-1 [38] (Fig. 2).

Osteoarthritis of the knee and hip have slightly different risk factors, with OA of the hip 

being more associated with heavy work or manual labor opposed to increased weight on the 

joint [1]. However, those laborers who sat greater than 2 hours a day had a decreased risk for 

developing OA in the hip joint [1]. The greatest complaint of the patient with OA is pain; 

identifying osteoarthritic pain earlier in the progression of the disease can have therapeutic 

effects. Weight-bearing-bending activities were hypothesized to cause pain in patients with 

OA of the knee, and activities such as climbing stairs are thought to be among the first to 

become painful [39]. Progression of knee OA is associated with pain while walking, then 

standing, then sitting, and finally pain while lying down [39]. Further studies to determine if 

pain associated with climbing stairs can be used as an effective screening tool for the 

development of OA.

Obesity has shown to be a significant risk factor in the development of OA due to increased 

load on joints and decreased musculature with fatty infiltration that leads to degradation of 

cartilage and the release of DAMPs. The most effective therapeutic strategies have been 

weight-loss and MMP inhibitors [2, 33]. Weight loss both relieves pressure on joints and 

decreases overall inflammation, while MMP inhibitors mitigate the degradative effects of 

DAMPs in the joint. Therapeutic options for treatment of OA include weight loss, drug 

therapy, scaffold construction, and mitigating occupational hazards and stressors. Weight 

loss and exercise appear to be the most effective therapies for OA because they are the most 

effective at reducing mechanical loads on joints and mitigating the progress of OA [7, 40]. 

Doxycycline and TIMPs to inhibit MMPs and stop cartilage degradation along with vitamin 

D to help strengthen quadriceps muscles may be effective drug therapy along with 

antibodies and molecules to target specific cells or cytokines [2, 24, 29, 33]. Glycyrrhizin to 

inhibit HMGB-1[35, 36], sRAGE to inhibit RAGE [37], and specific antibodies along with 

the enzyme A20 to remove or inhibit synovial macrophages and attenuate TLR and MyD88 

signaling within the joint may help in decreasing the cartilage loss and OA progression [38]. 

Construction of a protein scaffold with mesenchymal stem cells to create substitute cartilage 

[28, 41] may be used as a better solution to osteoarthritis along with decreasing DAMP 

activity, because it could replace arthritic cartilage and return some function while 

alleviating pain opposed to focusing on preventing or slowing the disease like other 

therapies (Fig. 2).
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5. Conclusion

OA is a significant cause of joint pain and disability that degrades articular cartilage. 

DAMPs such as HMGB-1, RAGE, S100A8, S100A9, and heparan sulfate have been 

associated with the progression of OA by activating and recruiting cells of the innate 

immune system and inducing the expression of MMPs. The activated macrophages will 

secrete cytokines that damage chondrocytes as well as clear away extracellular matrix within 

the joint. MMPs work in a similar manner by degrading collagen within the articular 

cartilage. The damage caused to chondrocytes by the activated macrophages will lead to the 

release of more DAMPs, creating a positive feedback loop. This loop results in a continued 

destruction of cartilage. This review examined the role of five DAMPs associated with OA 

in the knee and hip joints, as well as reviewed possible therapies to target or mitigates the 

effects of those DAMPs in an attempt to treat OA.
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Fig. 1. The role of DAMPs in the pathogenesis of osteoarthritis
Cartilage damaged by trauma, mechanical stress such as obesity, and chronic inflammation 

initiates the release of DAMPs including HMGB-1, AGEs, and S100A8 and S100A9 

calgranulin proteins. HMGB-1 released from the nucleus of the damaged cell into the 

extracellular environment binds to both TLRs and RAGE. The binding of HMGB-1 and 

RAGE can be facilitated by the proteoglycan and heparan sulfate. Heparan sulfate is 

activated via interactions with heparanase. Homodimers of S100A8 and S100A9 have been 

shown to have a proinflammatory effect, while the S100A8 and S100A9 heterodimer has not 

been shown to facilitate inflammation. Binding of HMGB-1with RAGE and TLRs, and 

calgranulin with TLRs initiates a signaling cascade involving JAK, ERK, MyD88 TRAF/

TRIM pathway and acts through the transcription factor NF-κB. This results in secretion of 

pro-inflammatory cytokines. These cytokines are translated and released from the host cell 

to interact with immune cells such as macrophages leading to secretion of additional 

inflammatory cytokines to recruit more immune cells, as well as MMPs that break down 

collagen and degrade cartilage. The degradation of cartilage triggers the release of additional 

DAMPs and the process continues. DAMPs, damage associated molecular patterns; JNK, 

Jun amino-terminal kinases; HMGB-1, high mobility group box-1; NF-κB, nuclear factor-

kappa beta; RAGE, receptor for advanced glycation end product; TLRs, toll like receptors;
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Fig. 2. Potential therapeutic targets in OA
Possible targets for therapeutic effects in OA include risk factors for the disease, DAMPs 

such as HMGB-1 and RAGE, TLRs, MMPs, and the construction of a protein scaffold to 

substitute damaged cartilage. Weight loss or vitamin D supplementation has been shown to 

mitigate mechanical stress on the joint, and therefore cause less DAMPs and inflammatory 

signals to be released; decreasing cartilage degradation and progression of OA. Glycyrrhizin 

has been shown to be an extracellular inhibitor of HMGB-1, and inhibits binding of 

HMGB-1 to RAGE and TLRs. This inhibition mitigates the transcription of genes that 

encode proinflammatory cytokines and mitigate cartilage degradation. Similarly, sRAGE 

and TLR antibodies inhibit RAGE and TLRs respectively from triggering signaling cascades 

that contribute to the progression of OA. Drugs such as doxycycline and TIMPs inhibit the 

action of MMPs, and therefore, halt the effects of collagenase and mitigate cartilage 

degradation. A protein scaffold implanted with mesenchymal stem cells could act as a 

cartilage substitute and enhance proliferation of chondrocyte to replace damaged cartilage in 

the joint.
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