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Osteoarthritis (OA) is a leading cause of disability in elderly individuals. As a common chronic degenerative joint disease, OA is typically characterized by articular cartilage degeneration, subchondral bone sclerosis, and concomitant synovium inflammation. As such, the structural and functional alterations in the articular cartilage and subchondral bone become the focus of research during progression of OA. Similarly, the molecular mechanism regulating articular cartilage lubrication and the cellular communication controlling metabolic status of subchondral bone cells promote innovative strategies for prevention and treatment of early stage OA. The current therapeutic options for OA are aimed at keeping the associated pain, inflammation, and degeneration of synovial joint tissues manageable in order to minimize the structural and symptomatic progression. These include, but are not limited to, synergetic therapy combining lubrication and drug intervention, regulatory balance between bone resorption and formation, and exercise therapy. In this mini review, we focus on the up-to-date research progress on these novel strategies for OA treatment.
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INTRODUCTION

Osteoarthritis (OA) is the most common chronic degenerative joint disease, which is typically characterized by articular cartilage degeneration, subchondral bone sclerosis, and synovium inflammation, and is the leading cause of disability in elderly individuals (Goldring and Goldring, 2010; Li et al., 2013). While all three synovial joint tissues are central components of OA development, there are other modifiable risk factors involved in the progression of this disease, including obesity, comorbidity, and injury (Georgiev and Angelov, 2019). However, despite the multifactorial disease origins, insights into its pathogenesis have been gained via the remarkable improvements in characterizing the structural and functional alterations in articular cartilage and subchondral bone during the progression of OA (Raman et al., 2018; Stewart and Kawcak, 2018). More importantly, there have also been significant achievements in elucidating the molecular mechanism regulating articular cartilage lubrication and the cellular communication controlling subchondral bone remodeling. These advances in understanding of disease pathogenesis make the prevention and treatment strategies for early stage OA (Luyten et al., 2012) possible to effectively minimize structural and symptomatic progression. In this mini review, we begin with a brief discussion of the pathogenesis and functional impairment of OA. Subsequently, we provide an overview of mechanisms of cartilage lubrication and bone remodeling, together with current progress of strategies for the treatment of early stage OA. Lastly, we give a perspective of future development of prevention and treatment strategies.

PATHOGENESIS AND FUNCTIONAL IMPAIRMENT OF OA

For the past few years, a better understanding of OA has progressed from the definition of primarily a non-inflammatory disease of articular cartilage to a broader concept of a low-grade inflammatory disease affecting all synovial joint tissues, such as articular cartilage, synovium as well as the underlying subchondral bone (Gupta et al., 2012; Barry and Murphy, 2013; Brown et al., 2019). As such, OA is considered as a degenerative whole-joint disease and all synovial joint tissues actively participate in the progression of this disease. Specifically, early stage OA is commonly associated with the alterations in the composition and organization of the cartilage matrix, which link to articular cartilage degeneration with concomitant lubrication deficiency (Goldring and Otero, 2011) and synovium inflammation (Scanzello and Goldring, 2012). For example, the abnormal synthesis of lubricin leads to an impaired cartilage lubrication while the degradation of collagen activates an inflammatory cascade within articular cartilage, causing low-grade synovium inflammation (Desrochers et al., 2013; Goldring and Berenbaum, 2015). In turn, synovium inflammation further contributes to articular cartilage disruption (Egloff et al., 2012). Meanwhile, subchondral bone deterioration in early stage OA due to an altered osteoblast metabolism occurs primarily in the region of articular cartilage degeneration and actively accelerates its destruction (Hayami et al., 2004). In fact, these synovial joint tissues afflicted with OA act synergistically, initiating a vicious circle to aggravate the disease. Additionally, recent studies have revealed OA as a multifactorial disease based on the fact that a cascade of mechanical and biological responses, which occur with age, obesity, and chronic injury, can destabilize the balance of degradation and synthesis within joint tissues and therefore also accelerate the development of this disease (Georgiev and Angelov, 2019).

As mentioned above, as a multifactorial whole-joint disease, OA is a major contributor to the pain and loss of functional capacity in elderly individuals. Its prevalence and incidence increase with age, for example, a majority of individuals over the age of 65 are afflicted with OA (Xia et al., 2014). Importantly, the tendency is progressively rising due to an increase in life expectancy and population aging together with obesity in the coming decades. The functional impairment of OA mainly involves activities of daily living related with the weight-bearing joints (hip, knee), such as walking and climbing stairs (Guccione et al., 1994). Individuals suffering from OA of weight-bearing joints have to live with joint pain and a limited range of motion for most of their lifetime (Corti and Rigon, 2003). However, pain and activity limitation may be intermediate steps over the course of OA, and disability in walking is the ultimate step necessitating total joint replacement. Accordingly, an insight into the OA pathology will facilitate the development of prevention and treatment strategies amenable to minimize the structural and symptomatic progression.

MOLECULAR AND CELLULAR MECHANISMS

Insights into the molecular and cellular mechanisms separately regulating the function of articular cartilage and subchondral bone are essential to determine what therapeutic options can be applied for treatment of OA and to highlight tendency of future research. Consequently, in the following parts the mechanisms of articular cartilage lubrication and subchondral bone remodeling are briefly reviewed.

Mechanism of Articular Cartilage Lubrication

Articular cartilage is a remarkable self-lubricating system, which can actively maintain super-lubrication between two opposing sliding cartilage surfaces while bearing local high pressures over a wide range of shear rates (Zhu et al., 2017). Such remarkable lubrication has been systematically investigated for decades and theories relevant with lubrication of articular cartilage have been proposed based on fluid-film (McCutchen, 1959; Ateshian, 2009) or boundary lubrication (Schmidt et al., 2007; Sivan et al., 2010; Goldberg et al., 2011; Sorkin et al., 2014). Previously, a more detailed description of articular cartilage lubrication has been provided in a review by Jahn et al. (2016). For the purpose of this mini review, we focus on the recent findings on hydration lubrication mechanism in boundary lubrication of articular cartilage and its implication for therapeutics of OA. The hydration lubrication mechanism provides a framework for designing very efficient boundary lubrication systems, which relate to articular cartilage as the target in OA treatment. Hydration lubrication occurs in aqueous and biological media, where the hydration layers are tenaciously held by either ions or zwitterions they surround and thus avoid being squeezed out under compression. At the same time, they remain very rapidly relaxing and behave in a fluidlike response to shear (Gaisinskaya et al., 2012; Klein, 2013; Ma et al., 2015). Afterwards, more studies have been performed on cartilage lubrication in light of hydration lubrication mechanism (Sorkin et al., 2013, 2014). Amongst them, supramolecular synergy in boundary lubrication is considered to provide a realistic model for cartilage lubrication (Seror et al., 2015). Three key components of articular cartilage including hyaluronan, lubricin, and phosphatidylcholine lipid synergize in combination to achieve hydration lubrication at the exposed phosphocholine groups of the phosphatidylcholine lipid. As a consequence, a remarkable lubrication emerges with shear of such hydration layers surrounding the phosphocholine groups.

Mechanism of Subchondral Bone Remodeling

Under physiological conditions, bone remodeling continuously maintains the metabolic homeostasis and structural integrity of subchondral bone via a precise coordination of bone resorption and subsequent bone formation (Kwan Tat et al., 2010). Disturbances of this process gives rise to subchondral bone abnormalities, including bone loss and sclerosis, osteophyte formation in the initiation and progression of OA (Zaidi, 2007; Burr and Gallant, 2012; Castaneda et al., 2012). Accordingly, an understanding of the mechanism behind subchondral bone remodeling is essential for the inhibition of OA progression. Previous research finding has demonstrated that cellular communication at the level of progenitors through receptor activator of nuclear factor (NF)-kB (RANK) and RANK ligand (RANKL) functions to couple bone resorption and formation in the remodeling of subchondral bone (Suda et al., 1999). Subsequently, identifications of matricellular communication through active transforming growth factor-β1 (TGF-β1) or probably insulin-like growth factor-1 (IGF-1) (Tang et al., 2009; Qiu et al., 2010; Crane and Cao, 2014), and osteoclast-osteoblast communication through semaphoring 4D (Sema4D) and Plexin-B1 have also added new levels to cellular communication coupling bone resorption and formation (Negishi-Koga et al., 2011). Those different levels of cellular communication regulate bone remodeling and adapt subchondral bone to the alterations in local environmental and systemic factors during the initiation and progression of OA. Particularly, they provide an implication for drug intervention with coupling mechanism of action to repair subchondral bone abnormalities. In line with this idea, factors capable of influencing bone remodeling can be targeted as therapeutics for treatment of subchondral bone in individuals with OA.

CURRENT STRATEGIES FOR OA TREATMENT

Current strategies for prevention and treatment of OA strive toward decreasing joint pain while simultaneously restoring joint function, therefore delaying surgery therapy as long as possible. In view of this goal, novel strategies for OA treatment have yielded a multitude of options, such as synergetic therapy combining both lubrication and drug intervention, regulatory balance between bone resorption and formation, and exercise therapy (Figure 1). In this section, we will focus on the recent achievement of the above-mentioned three therapeutic options in OA treatment.
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FIGURE 1. Current strategies for OA treatment. The strategies mainly include synergetic therapy combining both lubrication and drug intervention, regulatory balance between bone resorption and formation, and exercise therapy (Roos and Arden, 2016), Copyright 2015, Macmillan Publishers Limited. In the case of synergetic therapy, the dual-functional drug-loaded nanoparticles achieve simultaneously both enhanced lubrication on the outer hydration layer and sustained drug release in the inner core. Regarding regulatory balance between bone resorption and formation, coupling bone remodeling functions via three different levels of cellular communication, including (a) osteoclast progenitor-mesenchymal stem cell (MSC)/osteocyte communication through RANK–RANKL, (b) matricellular communication through TGF-β1 or IGF-1, and (c) osteoclast-osteoclast communication through Sema4D–Plexin-B1. Exercise therapy is intended for modifiable OA risk factors and mainly includes neuromuscular exercise, strength training, and aerobic exercise.



Synergetic Therapy Combining Both Lubrication and Drug Intervention

Synergetic therapy represents an innovative and optimized strategy, which can achieve simultaneously enhanced lubrication and sustained local drug release in OA treatment (Liu et al., 2014a,b; Sun et al., 2017). Compared with current clinical interventions including for example intra-articular injection of viscous hyaluronan and oral administration of anti-inflammatory or chondroprotective drugs, the synergetic therapy is likely to provide long-term joint lubrication without shear-thinning nature of hyaluronan in response to shear, and at the same time limit systemic toxicity associated with oral drug delivery. The focus of synergetic therapy is the intra-articularly injectable lubricating drug-loaded nanoparticles, which can be constructed by either modifying the drug nanocarriers with efficient lubricating materials such as polymer brushes and phosphocholine lipids or directly constructing self-lubricating polymer/liposome-based nanocarriers, further encapsulating target drugs of interest (Figure 2). Currently, the therapeutic drugs for OA treatment are predominantly small molecules (<10 kDa) that can provide symptomatic improvement or disease-modifying therapy. Small molecules available for symptomatic pain relief have been developed, including analgesics (e.g., paracetamol) (Ong et al., 2010), nonsteroidal anti-inflammatory drugs (NSAIDs) (e.g., diclofenac) (da Costa et al., 2017), and specific cyclooxygenase (COX)-2 inhibitors (e.g., celecoxib) (Laine et al., 2008). However, most of the small molecules available for disease-modifying therapy, that is, disease-modifying OA drugs (DMOADs) that can inhibit symptomatic and structural OA progression and ideally also improve joint function, are being investigated in ongoing clinical trials (Maudens et al., 2018). Based on these clinical trials, some DMOADs targeting articular cartilage have preliminarily demonstrated efficacy in stimulating chondrogenesis, such as transcription factor CBFβ (kartogenin) (Johnson et al., 2012) and Wnt/β-catenin inhibitor (SM04690) (Deshmukh et al., 2018). As a consequence, current synergetic therapy intervention has been limited to targeting pain relief, synovium inflammation and/or articular cartilage degeneration besides lubrication improvement. When intra-articularly injected into joints afflicted with OA, it is anticipated that aside from local sustained drug release to stabilize or revert disease progression, the dual-functional lubricating drug-loaded nanoparticles resembling phosphatidylcholine lipid at the articular cartilage surface can also provide enhanced lubrication via shear of hydration layers, which surround the grafted polymer brushes or exposed phosphocholine groups on the outer surface of the nanoparticles. In addition, the approaches for constructing lubricating drug-loaded nanoparticles do not involve tedious synthesis steps and toxic catalysts during the synthetic process, thereby allowing for easy popularization. For example, a previous study performed by Zhang et al. has revealed that phospholipids are readily coated onto the surface of mesoporous silica nanoparticles (MSNs) to produce the lubricating drug nanocarriers (MSNs@lip), which can greatly reduce the friction coefficient of the Ti6Al4V-polyethylene contact pair and release drugs over a prolonged period (Sun et al., 2018). Furthermore, more recent research findings have shown that, apart from enhanced lubrication, the sustained drug release of dual-functional lubricating drug-loaded nanoparticles accelerated the viability and proliferation of chondrocytes while providing the stable anti-inflammatory and chondroprotective effects through in vitro and in vivo experiments (Fan et al., 2018; Ji et al., 2019; Yan et al., 2019). These studies demonstrate the therapeutic efficacy of the intra-articularly injectable lubricating drug-loaded nanoparticles in the preclinical research, directing more attention to the investigation and development of various dual-functional nanoparticles. Accordingly, despite the voids in the current clinical trials as to lubricating drug-loaded nanoparticles, synergetic therapy integrating both enhanced lubrication and drug intervention will likely remain a central tenet of OA treatment.
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FIGURE 2. Construction of typical intra-articularly injectable lubricating drug-loaded nanoparticles for OA treatment. Such dual-functional nanoparticles include (A) polymer brush-grafted MSNs with encapsulation of drugs (Yan et al., 2019), Copyright 2018, Wiley-Vch Verlag GmbH and Co. KGaA, Weinheim. (B) Self-lubricating polymer-based nanospheres encapsulated with drugs, and (C) drug-loaded liposomes (Ji et al., 2019), Copyright 2019, the Royal Society of Chemistry.



Regulatory Balance Between Bone Resorption and Formation

The therapeutic strategies based on regulatory balance between bone resorption and formation refer to novel approaches targeting bone diseases associated with increased resorption (Castaneda et al., 2012). Over the past decades, therapeutics available for the treatment of subchondral bone in individuals with OA are mainly concentrated on either inhibition of osteoclast activity or stimulation of osteoblast activity. Correspondingly, various agents capable of influencing the activities of osteoclasts or osteoblasts have been extensively developed. These agents include anti-resorptive agents (e.g., estrogens, calcitonin and bisphosphonates; Ham et al., 2002; Drake et al., 2008; Nielsen et al., 2011) as well as bone-forming agents (e.g., parathyroid hormone; Bellido et al., 2011). However, a growing number of studies have now demonstrated that their therapeutic efficacy is compromised due to the concomitant side effects. For example, inhibition of osteoclastic bone resorption with anti-resorptive agents can cause “frozen bone,” which greatly decreases bone quality and increases skeletal fragility (Reid, 2009). Under the circumstance, a novel therapeutic strategy in light of the recently emerging coupling mechanism of bone resorption and formation (Cao, 2011; Wan et al., 2012; Zhen and Cao, 2014; Sims and Martin, 2015; Xie et al., 2016) would be an ideal approach to treat subchondral bone as a target in OA. Many research findings have shown that TGF-β1 and IGF-1 in the bone matrix function to couple bone resorption and formation, and modulation of their activities can be an effective prevention and treatment for OA (Zhen et al., 2013; Xu et al., 2015; Cui et al., 2016; Zheng et al., 2018). Likewise, activity modulations of RANKL and Sema4D in other two cellular communications can also regulate bone resorption and formation. For example, the anti-RANKL antibody can be targeted to the pro-resorptive effect of RANKL, which stimulates osteoclastogenesis by binding its cell membrane receptor RANK on osteoclast progenitors (Bi et al., 2017). Particularly, Sema4D as a potential target for the development of new therapeutics for OA treatment has recently been highlighted due to the fact that osteoclast-osteoblast communication mediated by Sema4D and Plexin-B1 can integrate with matricellular signaling of TGF-β1 and IGF-1 to spatiotemporally couple bone resorption and bone formation (Cao, 2011). As a consequence, regulatory balance between bone resorption and formation can inhibit OA progression by altering the activity of coupling factors and thus serve as therapeutic approaches for the management of subchondral bone disease.

Exercise Therapy

Exercise therapy, which is defined as a regimen or plan of physical activities designed and prescribed for specific therapeutic goals, has currently been recommended as first-line treatment of OA (Roos and Juhl, 2012; Roos and Arden, 2016; Dadabo et al., 2019). Broadly, the goals of exercise therapy program are pain reduction and restoration of musculoskeletal function by strengthening muscle, improving joint stability, increasing range of motion, and improving aerobic fitness. Within this framework, we primarily discuss three activities described as exercise therapy program, including neuromuscular exercise, strength training, and aerobic exercise. These activities have strong evidence supporting their use in the treatment of OA (Escalante et al., 2011; Fransen et al., 2015; Roos and Arden, 2016).

Neuromuscular exercise therapy, which is based on biomechanical and neuromuscular principles, has been developed specifically to target the sensorimotor deficiencies and functional instability associated with knee injury (Ageberg and Roos, 2015; Roos and Arden, 2016; Skou and Thorlund, 2018). Because similar deficiencies in sensorimotor function and perceptive instability have also been observed in individuals with OA, neuromuscular exercise therapy can be transferable to OA treatment (Svege et al., 2011; Stensrud et al., 2012). A typical evidence obtained from a study in 2010 has shown that neuromuscular exercise therapy is feasible in older individuals with OA (Ageberg et al., 2010). Importantly, it is the first neuromuscular exercise therapy developed for use in individuals with OA. Additionally, neuromuscular exercise has also been reported to improve cartilage matrix content in the middle-aged individuals with partial medial meniscectomy (Roos and Dahlberg, 2005). This finding suggests that neuromuscular exercise may be targeted to the prevention of OA in the knee joint.

Strength training is a local exercise therapy, which mainly targets to muscle weakness by increasing muscle strength and mass (Lange et al., 2008). As muscle weakness of the lower extremity is very common in individuals with knee OA, strength training has become the cornerstone of exercise therapy in the treatment of OA (Roos et al., 2011; Thorlund et al., 2012). Strong supporting evidence has shown that strength training can benefit individuals with OA in terms of reduced pain and improved physical function (Latham and Liu, 2010).

Aerobic exercise is a safe and effective exercise therapy intervention, characterized by sustained physical activity that requires oxidative metabolism for energy generation (Escalante et al., 2011; Juhl et al., 2014). There are various forms of activities that fall within the category of aerobic exercise, such as jogging, cycling, and swimming. Among them, walking and swimming are two accessible forms of land-based and aquatic-based aerobic exercise (Wyatt et al., 2001; Roddy et al., 2005). Moreover, research findings have demonstrated that aquatic aerobics are more effective in pain relief and function improvement for individuals with OA, which is due to the fact that the buoyancy of water can reduce weight-bearing stress on the joints (Fransen et al., 2015).

As described above, while three different types of exercises have similar pain-relieving effects, they differ in function improvement for individuals with OA. As a consequence, exercise therapy intervention should target to individuals with specific exercise, rather than enforcing homogeneous strategies across the whole population.

CONCLUSIONS

An increasing number of research findings have identified the therapeutic efficacy of novel strategies for the prevention and treatment of OA. These therapeutic approaches preliminarily accomplish decreasing joint pain while simultaneously improving joint function, thus limiting functional impairment. However, in order to obtain the optimal therapeutic efficacy, more intensive studies are required to optimize synergetic therapy intervention and to demonstrate acceptable safety for transformation into the clinic. In particular, synergetic therapy can be considered to integrate with therapeutic strategy in light of coupling of bone resorption and formation, so that abnormalities in articular cartilage and subchondral bone are repaired concurrently. Beyond that, exercise therapy program should be tailored to individuals with OA.
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