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Abstract

Purpose—Osteoarthritis (OA) is a global musculoskeletal disorder that affects primarily the 

knee and hip joints without any FDA-approved disease-modifying therapies. Animal models are 

essential research tools in developing therapies for OA; many animal studies have provided 

data for the initiation of human clinical trials. Despite this, there is still a need for strategies 

to recapitulate the human experience using animal models to better develop treatments and 

understand pathogenesis. Since our last review on animal models of osteoarthritis in 2016, there 

have been exciting updates in OA research and models. The main purpose of this review is to 

update the latest animal models and key features of studies in OA research.

Method—We used our existing classification method and screened articles in PubMed and 

bibliographic search for animal OA models between 2016 and 2023. Relevant and high-cited 

articles were chosen for inclusion in this narrative review.

Results—Recent studies were analyzed and classified. We also identified ex vivo models as an 

area of ongoing research. Each animal model offers its own benefit in the study of OA and there 

are a full range of outcome measures that can be assessed. Despite the vast number of models, 

each has its drawbacks that have limited translating approved therapies for human use.

Conclusion—Depending on the outcome measures and objective of the study, researchers should 

pick the best model for their work. There have been several exciting studies since 2016 that have 
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taken advantage of regenerative engineering techniques to develop therapies and better understand 

OA.

Lay Summary—Osteoarthritis (OA) is a chronic debilitating disease without any cure that 

affects mostly the knee and hip joints and often results in surgical joint replacement. Cartilage 

protects the joint from mechanical forces and degrades with age or in response to injury. The 

many contributing causes of OA are still being investigated, and animals are used for preclinical 

research and to test potential new treatments. A single consensus OA animal model for preclinical 

studies is non-existent. In this article, we review the many animal models for OA and provide a 

much-needed update on studies and model development since 2016.
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Introduction

Definition of OA

Osteoarthritis (OA), the most common form of arthritis, is a degenerative joint disease 

resulting in chronic pain and is considered a global public health concern [1]. In the USA 

alone, there are over 50 million adults with arthritis with over 20 million having activity 

limitations imparting a huge socio-economic burden [2]. The risk of OA increases with age; 

while the etiologic association of aging with OA is not clear, increased oxidative damage, 

muscle weakening, diminishing proprioception, and thinning of cartilage may contribute to 

the disease progression [3, 4]. Other reported risk factors are female sex [5, 6], obesity 

[4, 7], and genetic variants [4, 8]. Changes to the joint can also be a risk factor for 

patients. Prior trauma such as anterior cruciate ligament (ACL) tear and/or meniscal tear 

can predispose a patient to developing knee OA due to changes in joint kinematics [4, 9]. 

Abnormal joint loading during activity can also predispose to OA. For example, activities 

of squatting and kneeling are associated with knee OA, while prolonged standing and 

lifting are associated with hip OA [4, 10]. Military personnel also suffer from OA through 

increased tactical tasks carrying heavy loads, bending, and kneeling [11] or lower limb 

amputation [12].

Current Treatments

While no cure for OA exists, several approaches are used to manage and minimize OA-

associated pain including physical therapy, over the counter pain medications, minimally 

invasive injections, and surgical treatments. Surgical treatment such as joint replacement is 

the last resort after other failed treatments and is indicated when the patient has severe, 

debilitating disease. However, even joint replacement has ~ 20% of patients unsatisfied 

with their replacement and they may have activity limitations [13]. Physical therapy 

may help some, though exercises can be challenging for people with significant pain, 

restricted motion, and activity limitations [14]. Pain medications such as non-steroidal 

anti-inflammatory drugs, acetaminophen, and even opioids have been used to ameliorate 

symptoms but do not prevent progression of disease. Minimally invasive injections with 

cortisone and hyaluronic acid may provide some relief, but for many, the disease and 
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pain eventually become too severe and the patient will require joint replacement [15]. The 

treatments listed above only address symptoms but there are no cures. Currently, there are 

no United States Food and Drug Administration (FDA)-approved disease-modifying drugs 

or therapies for osteoarthritis despite many clinical trials [16].

Pathophysiology

Part of the challenge with drug development is that there is not a clear understanding of 

the pathophysiology as OA is a chronic, degenerative disease that initiates and worsens 

over many years. Osteoarthritis is thought to be a multifactorial disease consisting of 

systemic and intra-articular changes in inflammation, metabolism, biomechanics, cellular 

aging, tissue integrity, nociception, and endocrine signaling [17–19]. Figure 1 demonstrates 

classic radiographic features of joint space narrowing, osteophytes (bone spurs), subchondral 

sclerosis, and subchondral cysts [20]. Abnormal mechanical loading upon degraded cartilage 

can damage the underlying subchondral bone by recruiting immune and inflammation 

reactions to cause bone remodeling (sclerosis and osteophytes) as seen in Fig. 1 [21]. 

Loss of cartilage contributes to the narrow joint space with decreased collagen and 

glycosaminoglycan (GAG) content seen on magnetic resonance imaging (MRI). In addition 

to the established post-traumatic phenotype of OA, there are several risk factors that 

contribute to OA as discussed above and seen in the left of Fig. 1. The association with 

sex, obesity, and age suggests there is a complex interplay of endocrine and metabolic 

factors that contribute to progression of disease. The pathophysiologic process involves a 

chronic inflammatory state seen in obesity with adipokines that can upregulate degradative 

joint enzymes like metalloproteinases [22]. Given the complex and enigmatic nature of OA, 

there is an active pursuit of characterizing biomarkers of the disease.

Animal Models

To better understand the disease progression and molecular pathophysiology of OA, 

preclinical animal models are used to facilitate clinical care. Animal models are imperative 

in exploring investigational drugs, finding reliable biomarkers of disease, and identifying 

mechanisms. There is currently no animal model that perfectly recapitulates the complexities 

of human OA. Several challenges and limitations exist in selecting a consensus OA animal 

model: small animals are anatomically different from human, for example, mice have 

cartilage that is 70 times thinner than human cartilage [23]. Larger animals may be more 

anatomically similar to human, but there are high costs and technical challenges with 

animal maintenance for studies that allow the natural progression of OA over many years; 

surgically/chemically induced OA models do not mimic human pathogenesis of primary OA. 

The absence of an ideal animal model has created obstacles for investigational therapeutics 

and drug development.

Rationale and Strategy for This Review

We previously characterized animal models of osteoarthritis in 2016 [24] and denoted a 

new classification scheme in 2022 [25]. Since 2016, there have been promising preclinical 

studies and additional development of investigational therapies for human treatment. These 

advances have inspired an updated review on the literature. In this review, we aim to provide 

an update on the latest uses of animal models of OA. PubMed and bibliographic searches 
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were performed for the included studies of this review. Only studies published from 2016 

onward were analyzed. Search terms included animal model and osteoarthritis, combined 

with the various sections and subsections of this review: natural, genetic, surgical, synthetic, 

dynamic, ex vivo, imaging, histopathology, biomarkers, etc.

Model Classification Scheme

Esdaille et al. recently updated our prior classification scheme from Kuyinu et al. [24, 

25]. The updated scheme now includes a new tertiary in vivo model, in addition to the 

primary and secondary classification. Primary models consist of idiopathic development of 

OA without any post-birth intervention from the researcher. Secondary models consist of 

an induction method like surgery to destabilize the joint or chemical treatment of the intra-

articular space to cause an inflammatory reaction that mimics osteoarthritis development or 

other synthetic means. The tertiary model combines two secondary techniques for example 

combining surgical destabilization with intense exercise to wear down the cartilage. Through 

the search, it became apparent that other models, including ex vivo models, are also in use, 

which is reflected in Fig. 2. We review the latest studies according to this classification and 

add additional ones from our previous 2016 review [24] as shown in Fig. 2.

In Vivo Animal Models of OA

In vivo models of osteoarthritis consist of small or large animal models. Large animals have 

cartilage size more similar to human [26], though the ambulatory mechanics of quadrupeds 

and anatomic differences in the fetlock and stifle joints (e.g., horse) make these models 

different than human. Specifically, the horse fetlock joint is a metacarpophalangeal joint 

affected by OA and is more analogous to the human knuckle [27]; the fetlock joint exhibits 

exquisite range of motion of 120° of both flexion and extension during running [28]. In 

human, the knee and hip joints affected by OA have less range of motion during running 

(arcs of ~ 120 and 60° respectively) and there are only two limbs in contact with the ground 

compared to horse [29]. While horse cartilage is described as most similar to human in terms 

of architecture, biochemical quantification, and limited self-healing capacity [26, 30–32], the 

model is still limited in mimicking human OA. For example, in testing autologous protein 

solution, a horse study reports improved lameness at 14 days [33], which correlates with 

reports of improved symptoms in human with autologous conditioned serum as a palliative 

therapy [34]. However, meaningful patient outcomes at long-term follow-up like time to 

joint replacement [34] are not feasibly studied in horse. One could surmise joint loading 

is different in horses with upright weight bearing and living in stables post-treatment [35] 

while humans are able to modify weight bearing and undergo targeted physical therapy. 

Moreover, most horse studies investigate the fetlock joint instead of the stifle joint [36]. 

These differences do not fully recapitulate the human biomechanics that could account for 

changes in efficacy of therapies [34].

Small animals like rodents are cheaper to maintain and still have cartilage that responds to 

surgical joint destabilization and chemical induction in a way that allows histologic scoring 

of cartilage lesions and treatment with regenerative therapies. However, the therapies are not 

always translatable because what works in rats may not always work in human. For example, 
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cartilage is thinner and chondrocyte numbers are higher in small animals compared to 

horses and humans, which suggests there may be differences in regenerative capacity among 

these species [26, 30, 36]. In rabbits, untreated cartilage defects may spontaneously repair 

with hypothesized contribution from bone marrow stem cells rather than local cartilage cell 

populations [35, 37]. In testing therapies, rats with adipose-derived mesenchymal stem cells 

have alleviated cartilage degradation [38], though such rigorous disease modification has not 

yet been established in human [39]. In addition, pain is an essential feature of human OA 

that the clinical trial drug must address. Even if cartilage is regenerated in the small animal 

and in the human, the drug must improve patient pain, function, or time to end-stage disease 

to seek approval. Pain study in animals is done though is not without limitations including 

lack of psychologic component, provoked pain, and ethical considerations [40, 41]. These 

are important considerations in using small animal models of OA, though their value is 

essential in research.

Primary Models

A primary OA model is one that the animal will develop spontaneously during its lifespan 

without any external intervention. For example, a naturally occurring model of OA will 

develop as the animal ages, similar to human. Another primary OA model is when the 

animal is genetically engineered or bred; an external intervention is performed to modify 

genes before the birth of the animal—otherwise, there is no intervention to induce OA.

Naturally Occurring—As the name suggests, these animal models manifest OA like 

humans with a time-dependent process. Naturally occurring models of OA are slowly 

progressing and may be costly in large animals; for example, the baboons may take 8 

years to reach skeletal maturity [24]. Despite these constraints, the commercial pig/porcine 

model is one example of large animal that has been shown to spontaneously develop OA 

and exhibit varying clinical signs of lameness and microscopic destruction of cartilage 

within 3–4 years [42]. In smaller animals, the Hartley guinea pig is favorable because it 

reaches skeletal maturity in 6 months [24]. OA lesions develop in the guinea pig that can 

be detected and scored histologically with validated tools like the Osteoarthritis Research 

Society International (OARSI) [43]. OARSI histopathology scoring is also available for 

other species [43–49].

Ringe et al. used a naturally occurring guinea pig model to evaluate cartilage changes to 

assess potential disease-modifying therapy of hyaluronic acid (HA) + chemokine C–C motif 

ligand 25 (CCL25) injection [50]. The aging guinea pig serves as one appropriate OA model 

because guinea pigs develop localized, spontaneous lesions in the knee where there is no 

overlying meniscus like humans [43]. Accordingly, guinea pigs treated with HA + CCL25 

had lower OARSI histologic scores at 16 months (Fig. 3) [50]. Although the studies have 

longer follow-up, preclinical guinea pig experiments provide valuable histologic scoring and 

cartilage changes to test a range of therapies, from injectable [50], to conservative measures 

like exercise [51].

Naturally occurring OA models may more closely mimic the insidious onset of primary 

human OA, though time, cost, and resources may impede their widespread use.
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Genetic Engineering—Genetic engineering can be used to modify gene expression 

to study proteins that can contribute to, prevent, or explain osteoarthritis through gene 

knockout and mutation [24]. The genetically engineered animal models are commonly used 

to play a role in understanding mechanisms and pathogenesis of OA [52]. Recently, Burt 

et al. identified different isoforms of fibroblast growth factor 2 (FGF2) can contribute to 

the protection or induction of osteoarthritis [53]. Namely, mice lacking a gene encoding 

low molecular weight FGF2 demonstrate OA and catabolism of cartilage, while mice with 

high molecular weight FGF2 knockout have protection from OA and increased markers of 

cartilage anabolism [53]. Such studies are important to understand pathophysiology of OA 

and offer unique pathways for drug development or targeted gene therapy. Indeed, gene 

therapy is an active area of study [54], and viral-vector delivery of short-hairpin RNA 

(shRNA) in a mouse OA model has downregulated inflammatory cytokines and decreased 

cartilage damage [54]. It is noted, however, that the model in this study was a secondary 

model of OA and not a genetic engineering model.

Genetic engineering models of OA are reproducible and allow study of mechanisms but 

are not optimally suited to study therapeutics—changing just one gene may not reflect the 

complex interplay of several pathways contributing to the disease [36, 55].

Secondary Models

Secondary models can be separated into three categories, namely dynamic, surgical, and 

synthetic models [25]. An external stimulus provided by the researcher causes OA to 

develop in the animal. These can range from invasive surgical procedures to injections to 

completely non-invasive techniques like high-fat diet.

Dynamic Model—A dynamic model of OA involves non-invasive machine-guided joint 

loading and forces that injure and create an osteoarthritic defect in the animal. One example 

is an intra-articular tibial plateau fracture produced by a steel indenter driven by a tunable 

force generator machine [56]. More recently, Chang et al. combined a genetically engineered 

mouse model with a dynamic compressive load on the tibia to rupture the anterior cruciate 

ligament [57, 58]. In this study, a negative bone regulator in the Wnt pathway, sclerostin 

(Sost), was shown to play a significant modulatory role in osteophyte formation [57]—mice 

with knockout of Sost demonstrate significant osteophyte formation as seen in Fig. 4.

Ko et al. investigated the impact of a single tibial loading session on the mouse knee joint 

without rupturing the ACL [59]. The limb is fixed in a flexed position with a cyclic force 

transducer that provides a repetitive compressive force. The model successfully develops OA 

noninvasively without adversely affecting chondrocyte viability or causing morphological 

and compositional cartilage alterations. The method suggests a cell-mediated process leads 

to the OA development [59].

Dynamic models of OA consistently reproduce trauma and are non-invasive, but they are 

less commonly used because they require expensive machinery.

Synthetic Model—Synthetic models of OA consist of an iatrogenic chemical reaction in 

the joint to cause an insult and result in OA. They are less invasive than surgical techniques 
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and offer other advantages such as reproducibility, measurable changes in pain, and quick 

onset. A drawback of the synthetic model is that it does not precisely reflect the natural 

onset of OA, which is a chronic, idiopathic onset. Nevertheless, synthetic models are critical 

research tools.

MIA Model (Sodium Monoiodoacetate): One of the most used induction methods is intra-

articular injection of sodium monoiodoacetate (MIA). MIA injections inhibit glycolysis 

within chondrocytes via inhibition of glyceraldehyde-3-phosphatase dehydrogenase leading 

to chondrocyte cell death and subsequent joint changes like fibrillation and decreased 

thickness of cartilage, reduced proteoglycans, decreased chondrocyte number, subchondral 

bone exposure, bone erosion/atrophy, oxidative stress, and inflammation [60–64]. With 

MIA injections, there are also measurable behavioral and pain-associated responses in 

animals, such as referred mechanical/thermal sensitivity, Von Frey hair algesiometry, 

electrophysiologic changes, weight bearing asymmetry/gait changes, and modulation of 

neuropeptides and inflammatory mediators [61, 64–69]. One such example of this outcome 

measure is via paw withdrawal latency—an infrared, hot stimulus is applied to the paw, and 

rats with MIA-induced joints will withdraw faster from this stimulus as in Fig. 5 [4] [70]. 

These changes in pain and function by the MIA OA model are of interest as they mimic the 

human experience.

For example, the MIA model has been used to test pain modulation of therapies. MIA OA 

induction in rats along with chronic constriction injury of the sciatic nerve (CCI) to induce 

mononeuropathy was used to study pain responses in rats. Photobiomodulation therapy was 

tested on the rats and provided analgesic effect evidenced by improved hind limb weight 

distribution and mechanical hyperalgesia [65]. The CCI model was also used by Khanal et 

al. to study the significant analgesic effects of a novel nanocomposite anesthetic delivery 

system [73]. Using such models in combination with the MIA model is important for 

developing therapeutics that target pain in OA research.

The MIA animal model was also used to test quercetin (a natural senolytic) [74], cannabis 

[66, 75], photobiomodulation [60, 65], hyaluronic acid [68, 76, 77], and exercise [78, 79]. 

Many of these studies focus on pain as an outcome measure because MIA can induce a 

chronic, pain at rest phenotype as well as other pain-related responses mentioned above 

[61–64, 80, 81]. Uniquely, the MIA rat model has also been used to study neuronal 

effects using electrophysiology and electron microscopy [66]. In these assays, cannabidiol 

(CBD) modulated neuropathic signals by decreasing nerve firing and preventing axonal 

demyelination (Fig. 5 [3]) [66]. Given these measurable changes in pain pathways, the MIA 

model is of interest to test the analgesic effects of investigational therapies.

Collagenase Model: Collagenase is another popular chemical means of inducing OA in 

animal by breaking down collagen in the extracellular matrix and subsequently allowing 

degradation of cartilage through native architectural disruption, inflammation, and joint 

laxity [82, 83]. This defect model is sufficient to allow for analysis of both structural and 

functional outcomes [84, 85]. For example, in rabbit, HA + growth factors improved both 

histologic scoring and lameness [84]. Collagenase model can also allow for biomechanical 

characterization of cartilage by detecting Young’s modulus stiffness after nanoindentation 
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(Fig. 5 [1]) which were improved by the synthetic artificial stem cell (SASC) [71]. 

Collagenase-induced OA also causes gross erosive changes on rat knee that can be improved 

by an amnion hydrogel paired with adipose-derived stem cells (ADSC) (Fig. 5 [2]) [72]. 

These ranges of outcomes make collagenase an attractive model for OA. Aligning with 

the collagenase studies discussed, several clinical studies have been completed testing HA 

and amnion products, which demonstrated symptomatic improvement but no improved 

biomarkers at 1 year [86, 87].

Other Synthetic Models: Other synthetic models include papain injection, 

lipopolysaccharide (LPS) injection, quinolones, complete Freud’s adjuvant, and high-fat 

diet. Some of these are less commonly used, though there have been recent studies using 

some of these models. In mice, feeding with a high-fat diet can mimic the effects of obesity 

and metabolic syndrome on the development of OA in animal model [88]. Hahn et al. 

and Griffin et al. used this dietary method to test exercise as a modality for treatment or 

characterization of osteoarthritis [89, 90]. LPS is a bacterial derived toxin that can induce 

OA [91–93]. In horses, LPS caused inflammation and lameness in the horses which was 

attenuated by hyaluronic acid (HA) treatment [94]. Papain is a protease that can degrade 

the extracellular matrix and contribute to OA [95]. A rat model with papain injection 

changed gait and pain responses and cartilage scoring, which responded to dexmedetomidine 

treatment [96].

Synthetic OA models provide quick and consistent induction of OA and are less invasive 

than surgery while still offering a full range of outcomes to study. However, there is still 

need for improved models because the synthetic model does not reflect primary OA and may 

not have a clear corresponding human phenotype.

Surgical Models—Surgical models involve invasive procedures that create a defect, 

instability, or modulate systemic endocrine signaling in the animal to induce OA. 

Several surgical models used are ovariectomy, orchiectomy, medial meniscus release, ACL 

transection, and subchondral/osteochondral bone defects.

ACL Transection: Anterior cruciate ligament transection (ACLT) is a commonly used 

model for OA development in animals. Exposure of the ACL for transection is seen in 

Fig. 6C. In some ways, this mimics the post-traumatic development of OA in humans—

after a traumatic event, the joint is destabilized and abnormal joint biomechanics lead 

to degradative forces on the cartilage leading to OA. In rabbits, the ACLT model [97] 

exhibited decreased trabecular bone volumes vs. Sham surgery; treating with a cathepsin K 

inhibitor MIV-711 better preserved the bone volume and subchondral bone plate thickness 

as evidence by uCT and decreased markers of bone resorption (urinary HP-1) and cartilage 

degradation (urinary CTX-II) [97]. The post-traumatic ACLT OA model has also been used 

in both rodents and dogs demonstrating its versatility across species [98, 99]. In these 

studies, injectable hyaluronic acid (HA), HA hydrogels, and platelet rich plasma (PRP) were 

tested, which are clinically used therapies. Larger animal models like dog allow for the 

study of pain/functional outcomes that are more similar to human like range of motion, 

lameness, and gait symmetry [99]. Jeon et al. investigated the role of senescent cells (cells 

that no longer divide) in post-traumatic OA using the ACLT model [100]. With luciferase 
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fluorescent reporter, they tracked intra-articular senescent cells were prevalent after ACLT 

(Fig. 6A) and selective clearance of senescent cells through ganciclovir treatment yielded 

reduced progression of OA histologically and decreased OA symptoms (pain) in mice [100].

Medical Meniscectomy: The medial meniscectomy model is used to induce OA in 

various categories including partial, medial vs. Lateral, bilateral meniscectomies, and in 

combination with ACLT [101]. The meniscectomy can induce radiographic changes seen 

in human like joint space narrowing and osteophyte formation [101]. Zhou et al. 2019 

demonstrated thicker cartilage, increased proteoglycans, and reduced inflammatory markers 

in meniscectomized rats treated with adipose-derived stem cells [38].

Osteochondral Defect: Osteochondral defects (OCD) are created by drilling and can 

degrade the cartilage and underlying subchondral bone. The surgical exposure with insertion 

of K-wire is shown in Fig. 6C [102]. Such technique is useful for evaluating scaffolds 

and hydrogels for cartilage regeneration [103]. A bio-engineered, piezoelectric poly-L-lactic 

acid (PLLA)-collagen scaffold was implanted in rabbits with OCD [104]. The rabbits were 

subsequently exposed to exercise to transmit a mechanical stimulus to guide cell migration 

and electrical charge-based cartilage regeneration. There was good histologic formation of 

hyaline cartilage and gross repair of defect compared to untreated controls as seen in Fig. 

6B [104]. Although not all patients develop osteochondral lesions, such OCD model is still 

essential to develop therapies that target cartilage regeneration.

Systemic Surgeries for OA Induction: Systemic surgeries may involve an endocrine axis 

that contributes to OA development through molecular signaling pathways and inflammatory 

pathways. Park et al. used a bilateral orchidectomy in rats to induce testosterone deficiency 

and study metabolic contributions to OA [105]. Testosterone deficiency is thought to 

increase the inflammatory state and modulate insulin resistance and metabolic syndrome 

implicated in OA development [106, 107]. The ovariectomy model is used in female 

rodents to induce OA, which may mimic the post-menopausal phenotype [108, 109]. The 

endocrine and metabolic contributions to OA are active areas of study, and thus, exercise 

and metformin have been tested in the rodent ovariectomy model of OA [108]. Such work is 

important as the population of obese patients increases.

Surgical models are quick and consistent induction methods of OA and can mimic the 

post-traumatic and metabolic phenotypes. However, the OA defect may depend on the 

reproducibility of the surgeon/surgical technique and surgical models do not mimic primary 

OA. The surgical osteochondral defect model and ACLT model are shown in Fig. 6C from 

a study that looked at measurability of pain, which was better detected in the ACLT group 

[102].

Tertiary Model

The tertiary model of OA was recently described by Esdaille et al. [25]. These tertiary 

models pair a surgical procedure followed by intense exercise to induce OA changes in the 

joint. Several have used the tertiary model [110–113]. Tertiary models can be used to test 

therapeutics. In one study, a horse fetlock joint had an osteochondral chip fragment in the 
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metacarpophalangeal joint and the horse was exposed to intense exercise. In horse, bone 

marrow–derived mesenchymal stem cells (BMSC) (Fig. 7a–d) decreased osteophytes and 

synovial effusion compared to contralateral, untreated control joint (Fig. 7e–h) as evidenced 

by MRI (Fig. 7a, b, e, f), x-ray (Fig. 7c, g), and ultrasound (Fig. 7d, h) [112]. Umbilical 

cord–derived stem cells were also tested but did not produce the same therapeutic effect as 

BMSC [112].

Tertiary OA models may allow faster induction than surgery alone and mimic post-traumatic 

OA. Larger animal models are used and allow use of imaging modalities to determine the 

degree of OA as is done in human, though there are increasing reported uses of micro-CT 

scans in small animals like rat and rabbit [77, 114]. The tertiary model does require an 

additional methodologic step as there are 2 induction approaches which may be more time 

and cost intensive.

Miscellaneous Models (Ex Vivo Model)

A brief focus is now placed on other types of osteoarthritis models in addition to the 

animal/in vivo models discussed above. Such models can be useful in research to determine 

molecular pathways and how the cellular network interacts, though there is a challenge to 

recapitulate the intricacies of in vivo models.

Ex Vivo

Human—The ex vivo model consists of extracting living tissue from an animal or human 

and then sustaining the tissue in a laboratory environment through cell culture [23]. In 

human, such model has been used after extracting osteochondral plug tissue from human 

femoral heads or tibial plateaus during surgical hip or knee replacement, respectively [115]. 

Kleuskens et al. demonstrated human cell viability up to 4 weeks in culture conditions 

[116]. In a study by Li et al., human femoral samples underwent inflammatory induction 

with interleukin one beta (IL-1B) and tumor necrosis factor alpha (TNF-a) and subsequently 

measured upregulated gene expression of catabolic proteins like matrix metalloproteinase 3 

(MMP-3) and inflammatory interleukins and down-regulation of anabolic genes like collage 

2 and proteoglycan [115]. Such studies can aid in studying implicated pathways in OA 

development and screening for new drugs. It is noted that such explants come from donors 

with presumed pathology leading to surgical intervention without opportunity to compare to 

healthy human donors.

Animal—Ex vivo tissue has also been taken from animals like rats and pigs to study a 

post-traumatic model of OA. Similar to the dynamic model described above, an impact 

device was used to cause injury to the pig knee post-mortem [117]. Subsequently, the knee 

was treated with interleukin receptor antagonist protein, hyaluronan, dexamethasone, or 

mesenchymal stem cells to study therapeutic effects on gene expression of inflammatory 

and cartilage-damaging markers [117]. In the rat model, synovium from a surgical ACL 

and meniscotibial ligament transection was added to culture of harvested chondrocytes. The 

authors found that using early post-traumatic synovium yielded a protective effect from 

cartilage catabolism, but late post-traumatic synovium lost this protective effect [118]. Using 

animal models for extraction of tissue offers an advantage of in vivo manipulation followed 
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by ex vivo analysis and can overcome the challenge of finding healthy human donors. 

In addition, data collection is easier in an ex vivo model because the surrounding media 

can be continuously sampled, whereas repeated synovial or serum analysis is limited in 

vivo. Multiple osteochondral plugs can be harvested from the same animal and cultured for 

almost 2 months, which has potential to reduce the number of animals used experimentally 

[119]. Given the pig model’s ex vivo use post-traumatically, one study also suggests that 

commercial pigs spontaneously developing OA could be used for tissue harvest and further 

study as an additional phenotype of OA [42].

Outcome Measures

There have been recent reviews that have looked at outcomes [41, 120]. Here, we discuss 

updates to outcome measures since 2016 [24]. Outcome measures are important to consider 

because human clinical trial initiation relies on preclinical data to justify their use in human. 

Outcomes in preclinical studies include both post-mortem and in vivo measurements. 

Depending on the study chosen, there may be more interest in a particular outcome 

measure. Of note, there is not a consensus in vivo biomarker studied in human clinical 

trials that predicts symptomatology, which makes the search for a disease-modifying 

therapy elusive. Some accepted measured methods in human trials are histomorphometric 

change based on radiographic changes in joint space width, presence of osteophytes and 

subchondral sclerosis/cysts, and more advanced imaging techniques like MRI to identify 

glycosaminoglycan content in the joint space [121–123]. Molecular markers like cartilage 

oligomeric matrix protein (COMP) and matrix metalloproteinase (MMP) are used as 

surrogate markers in clinical trials though do not always correlate clinically [124]. There is 

also emerging study of biomarkers via bioinformatics approaches for which animal models 

play an important role [125–127]. Clinical trials must be symptom focused, which makes 

the preclinical trials left to also test pain/function in the animal, or use a surrogate marker 

that may have potential for disease modification, though there is no consensus on outcome 

measures in animals.

Histopathology

As discussed above, the Osteoarthritis Research Society International (OARSI) outlined a 

grading system for cartilage of several animal species [43–49]. Such scoring is demonstrated 

practically in Fig. 3, and Table 1 demonstrates the scoring criteria. We discussed these 

previously [24] and they are still relevant to current studies, though there are still 

efforts to improve these systems [128]. This group included peri-articular changes in 

their system as key features of OA and expand the tissue sections of interest to allow 

further analysis of the arthritic joint [128]. Other modalities beyond histologic scoring 

include immunohistochemistry, which has been used to identify protein expression of 

AMP-activated protein kinase and propose a mechanism for metformin modulation of post-

traumatic OA in mice [129]. Post-mortem evaluation in animal can provide key insights 

into study of the disease and propose a role for pathways and therapeutics, though these 

measures are not feasible in human patients with active OA.
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Imaging Modalities

As noted above in Fig. 4, CT scan can be used to measure bone volumes and degree of 

osteophyte formation, even in small animals like mice [57]—although these scans are not 

used routinely in all patients with OA, they provide a more precise means of measure 

compared to plain radiograph. Magnetic resonance imaging (MRI) and ultrasound are 

also used as seen with Fig. 7 and the tertiary model to identify soft tissue synovitis and 

osteophytes. Korchi et al. used advanced MRI and angiography to correlate with histologic 

changes in dog OA [130]. Such studies may be helpful to allow better parameters of imaging 

modality to disease progression. Developing a surrogate would be helpful in human studies 

where imaging is possible, yet histologic analysis in real time is not possible [130]. Another 

new imaging technique used recently was real-time detection of calcium signaling in the 

dorsal root ganglia for pain analysis in surgical mouse OA model, though this required a 

surgical procedure to capture camera images at specified wavelengths [40, 131].

Biomarkers

Biomarkers can be tested in vivo and may act as a surrogate for disease progression and 

modification. For example, serum or urine sample can reveal elevations in markers of 

cartilage and bone turnover/degradation. Cathepsin K inhibitors are an attractive drug class 

for disease modification of OA and osteoporosis because they act on osteoclasts to prevent 

cathepsin K proteolytic activity on collagen [132]. As such, animal studies in rabbit, dog, 

and monkey have noted decreased levels of serum and urine markers of bone turnover 

(collagen I cleavage product) and cartilage turnover (collagen II cleavage product): urine 

C-terminal telopeptide of type I collagen (CTX-I) and urine C-terminal telopeptide of type II 

collagen (CTX-II) in dog; serum CTX-I and urinary CTX-I, N-terminal telopeptide of type I 

collage (NTX-I) and CTX-II in monkey; urinary helical peptide (HP-1) and CTX-II in rabbit 

[97, 133].

An inflammatory state is implicated in osteoarthritis [17, 134]. Inflammatory biomarkers 

studied include C-reactive protein and prostaglandins, interleukins [135], and tumor necrosis 

factor alpha (TNF-a). Animals offer a benefit of synovial and post-mortem sampling that 

is not routinely feasible in human [135]. For example, an MIA rat model was used to 

implicate cell surface receptor P2X7R in the NF-kB inflammatory pathway [136]. Such 

animal studies are useful for better understanding molecular mechanism and identifying 

potential therapeutics.

Discussion

This review highlighted the latest animal models of osteoarthritis. Such information is 

pertinent as researchers continue to investigate disease-modifying osteoarthritis drugs and 

therapies. Despite years of research, however, such therapy remains elusive [137–139]. 

There is a continued need for use of animals in research as they can assist in bringing 

therapies to clinical trials [140]. As captured in this review, induction methods in vivo 

vary significantly from non-invasive primary models with natural or genetically engineered 

induction to minimally invasive secondary synthetic models via injections or feeding a 

high-fat diet. In addition, invasive techniques can mimic post-traumatic OA as seen in the 
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secondary surgical model and the tertiary model which adds intense exercise. More recent 

studies have tried to take advantage of ex vivo models using human tissue to study OA and 

reduce the number of animal studies [115, 116]; similarly, taking living tissue from animals 

may allow for decreased need of additional sacrifice time points if the tissue can be studied 

for 2 months [119]. We did not discuss in vitro models though researchers are also exploring 

this option to study pathogenesis and therapy targets of OA [23, 141–143].

As summarized in Table 2, there are several OA models in place for investigation identified 

in this review [23–25, 41]. Researchers can choose one that aligns with their investigation of 

interest during study design. For example, they may use a surgical model if the investigated 

treatment is for a post-traumatic phenotype [100] or may use a primary naturally occurring 

model if studying the natural progression of disease [50]. As the population ages with a 

higher percentage of obese patients, the high-fat diet model is of interest in evaluating 

systemic contributors to OA and better understanding the pathways involved [88].

Special consideration is also paid to the species selection when designing a study. 

Anatomically, larger animals like sheep and horse will have cartilage size similar to humans 

and display clinical deficits that play a role in therapy development [112, 144]. Rodent and 

rabbit models are more feasible in handling, cost, and scaling at larger quantity through 

housing in small cages [145]; indeed, they have proven useful in generating preclinical data 

[97]. There are many OA induction methods in these small animal models that researchers 

can tailor to a design that fits their needs [41]. Small animals also have qualities that allow 

study of outcome measures like pain, which is an important part of the human experience.

In 2016, we reviewed outcome measures of animal OA models and stressed the importance 

of using imaging modalities as in vivo means of assessing outcome measures. It was 

highlighted that such imaging techniques lacked standardization in animal [24]. Imaging 

modalities are still used in animal, though there is still no consensus technique for study 

in animal. In fact, there are human clinical trials to validate imaging outcomes for OA, yet 

the inconsistent correlation to altering the clinical course presents a significant challenge 

[146–148].

It should be mentioned that despite the numerous studies since 2016 reviewed here, a 

disease-modifying therapy for OA remains elusive. In our prior review, we provided a 

comprehensive analysis of animal models used in osteoarthritis and highlighted the primary 

and secondary models and subtypes [24]. In 2022, we expanded on the 2016 review to focus 

on regenerative engineering models and introduced the tertiary model, which consists of a 

traumatic insult followed by intense exercise to achieve a post-traumatic phenotype [25]. 

In this work, we provide significant updates to the models with updated literature review, 

and also explore the ex vivo model as a potential method of investigating therapeutics and 

mechanisms.

Several therapies have made their way to clinical trials with aid of preclinical studies 

[140]. For example, HA and PRP injections were studied in dog [99] and also have been 

actively studied in human clinical trial [149]. Systemic oral therapies (MIV-711 cathepsin 
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K inhibitor) have also been directly translated from animals rabbit and dog [97], to 

pharmacokinetic analysis in monkey [133] to a clinical trial [150].

There have been both safety and efficacy concerns of therapies that have left therapies 

out from gaining FDA approval [148, 151, 152]. Future work in preclinical and clinical 

investigation of OA is required to translate therapies to clinic. Animals serve an important 

role in research efforts, though it is noted that demonstrating efficacy of therapy in animal is 

not a guarantee of translatability. The preclinical and clinical research communities should 

work in synergy to develop therapies for OA in the coming years.

With the above discussed utility of OA models, there are several limitations of animal 

studies including an induction method that recapitulates the intricate pathogenesis of 

osteoarthritis; species selection; pain assessment; and standardization of outcome measures 

in animal studies. Reproducing the multifactorial pathogenesis of OA is a key drawback 

in preclinical studies. Using one method for animal OA induction like surgery may 

oversimplify the complex interactions of the human disease; changing multiple parameters 

still may not appropriately recreate the disease process and increase the number of animals 

needed. Species selection is also important in study design. Using large animals that better 

represent human cartilage are challenging because of scalability [41]. Many research labs 

studying OA may not have easy access to the facility, maintenance, and large number of 

animals needed for formal statistical study leading to use of smaller animals. Given the 

physiologic and cartilage differences in small animals, extrapolation of all results of a 

treatment should be interpreted with care [26, 35]. Beyond histologic evaluation, pain is 

studied in small animal models, but attempts at quantifying pain with nerve stimulation 

measurements and mechanical provocation of pain are difficult to interpret in the context 

of human symptoms [40, 41]. Furthermore, humans experience pain subjectively through 

higher order cognitive pain processing, which makes objective validity in these small 

animals an obstacle [153, 154]. A more representative pain model in animal study would 

be a seminal contribution to the field. Outcome measures must also be selected that fit 

the objective of the research study in animal. Standardization in measuring biomarkers in 

human OA remains elusive, but is an essential step in drug development [155]. Accordingly, 

without consensus in human disease, OA researchers must predict the most suitable outcome 

measure for their study, which presents a significant limitation in translating animal studies 

to clinical trials.

Conclusion and Future Directions

This review provides a much-needed update to the literature on animal models in OA. 

We also discussed the ex vivo model and regenerative engineering techniques that show 

promise in translating therapies. OA develops in humans in several ways including natural 

progression, post-traumatically, and with systemic metabolic contributions. A range of 

animal models exist to mimic these human phenotypes and allow for comprehensive study. 

Despite many animal models of OA, there are limitations that researchers must consider 

in developing treatments and understanding pathogenesis. In progressing treatments, small 

animals can initially provide evidence of cartilage regeneration, while larger animals may 

more suitably resemble human cartilage characteristics, though the patient experience 
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with the disease is not fully recapitulated in animals. To translate therapies to the clinic, 

researchers should continue to study pathogenesis and test disease-modifying therapies; 

when possible, focus on translatable outcomes should be considered. In light of the 

limitations discussed, animal models will play an essential role in the development of key 

therapies for treating osteoarthritis.

This review identified several promising experiments in regenerative engineering to study 

and treat OA [71, 72, 104]. Regenerative engineering converges the disciplines of advanced 

materials science, stem cell science, physics, developmental biology, and clinical translation 

to regenerate tissue like bone [156–161] and complex organ systems using several 

technologies including nanofibers [162]. This discipline serves as a path forward for 

developing a disease-modifying therapy for OA.

As mentioned, regenerative engineering techniques have been able to demonstrate cartilage 

regeneration [71, 72, 104]. In addition to performing additional studies to initiate translation 

of the therapy in the clinic, mechanistic studies can be pursued to further optimize the 

treatment. For example, time-lapsed micro-CT scans have been used to understand bone 

regeneration and certainly there are different stages of healing that occur in OA [163]. 

If the scientific community can characterize stages of healing of cartilage, then timed 

treatments can be pursued using the synthetic artificial stem cell, which recreates the stem 

cells’ dynamic secretome [71]. Additionally, nanomaterials are used as an effective intra-

articular therapy in OA models [164]. Injectable nanoparticles synthesized with hyaluronic 

acid could significantly inhibit cartilage destruction in knee joints [165] and chondroitin 

sulfate cross-linked nanoparticles within artificial anti-inflammatory macrophages decreased 

joint erosion and preserved glycosaminoglycans [166]. Anti-inflammatory properties of 

gold nanoparticles further demonstrate promising regenerative engineering techniques for 

translatable therapies for OA treatment [167]. Regenerative engineering has proven useful in 

developing translatable therapies for tissue regeneration of ligament and tendon [168–170], 

and such techniques are promising for use in cartilage regeneration to treat debilitating 

osteoarthritis.

Acknowledgements

We would like to thank our funding source NIH/NIAMS T32AR079114 (To CTL) and Raymond and Beverly 
Sackler Center for Biomedical, Biological, Physical and Engineering Sciences.

References

1. Long H, Liu Q, Yin H, Wang K, Diao N, Zhang Y, et al. Prevalence trends of site-specific 
osteoarthritis from 1990 to 2019: findings from the global burden of disease study 2019. Arthritis 
Rheumatol. 2022;74(7):1172–83. [PubMed: 35233975] 

2. Barbour KE, Helmick CG, Boring M, Brady TJ. Vital signs: prevalence of doctor-diagnosed arthritis 
and arthritis-attributable activity limitation — United States, 2013–2015. MMWR Morb Mortal 
Wkly Rep. 2017;66(9):246–53. [PubMed: 28278145] 

3. Litwic A, Edwards MH, Dennison EM, Cooper C. Epidemiology and burden of osteoarthritis. Br 
Med Bull. 2013;105(1):185–99. [PubMed: 23337796] 

4. Palazzo C, Nguyen C, Lefevre-Colau MM, Rannou F, Poiraudeau S. Risk factors and burden of 
osteoarthritis. Ann Phys Rehabil Med. 2016;59(3):134–8. [PubMed: 26904959] 

Chapman et al. Page 15

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Felson DT, Zhang Y, Hannan MT, Naimark A, Weissman BN, Aliabadi P, et al. The incidence and 
natural history of knee osteoarthritis in the elderly, the Framingham osteoarthritis study. Arthritis 
Rheum. 1995;38(10):1500–5. [PubMed: 7575700] 

6. Roman-Blas JA, Castañeda S, Largo R, Herrero-Beaumont G. Osteoarthritis associated with 
estrogen deficiency. Arthritis Res Ther. 2009;11(5):241. [PubMed: 19804619] 

7. Grotle M, Hagen KB, Natvig B, Dahl FA, Kvien TK. Obesity and osteoarthritis in knee, hip 
and/or hand: an epidemiological study in the general population with 10 years follow-up. BMC 
Musculoskelet Disord. 2008;9(1):132. [PubMed: 18831740] 

8. Evangelou E, Chapman K, Meulenbelt I, Karassa FB, Loughlin J, Carr A, et al. Large-scale analysis 
of association between GDF5 and FRZB variants and osteoarthritis of the hip, knee, and hand. 
Arthritis Rheum. 2009;60(6):1710–21. [PubMed: 19479880] 

9. Gao B, Cordova ML, (Nigel) Zheng N. Three-dimensional joint kinematics of ACL-deficient and 
ACL-reconstructed knees during stair ascent and descent. Human Mov Sci. 2012;31(1):222–35. 
[PubMed: 21798608] 

10. Croft P, Coggon D, Cruddas M, Cooper C. Osteoarthritis of the hip: an occupational disease in 
farmers. BMJ. 1992;304(6837):1269–72. [PubMed: 1606427] 

11. Rodriguez M, Garcia E, Dickens J. Primary and post-traumatic knee osteoarthritis in the military. J 
Knee Surg. 2019;32(02):134–7. [PubMed: 30609440] 

12. Farrokhi S, Mazzone B, Yoder A, Grant K, Wyatt M. A narrative review of the prevalence and 
risk factors associated with development of knee osteoarthritis after traumatic unilateral lower limb 
amputation. Mil Med. 2016;181(S4):38–44. [PubMed: 27849460] 

13. Bourne RB, Chesworth BM, Davis AM, Mahomed NN, Charron KDJ. Patient satisfaction after 
total knee arthroplasty: who is satisfied and who is not? Clin Orthop Relat Res. 2010;468(1):57–
63. [PubMed: 19844772] 

14. Dantas LO, de Fatima Salvini T, McAlindon TE. Knee osteoarthritis: key treatments and 
implications for physical therapy. Braz J Phys Ther. 2021;25(2):135–46. [PubMed: 33262080] 

15. Yaftali NA, Weber K. Corticosteroids and hyaluronic acid injections. Clin Sports Med. 
2019;38(1):1–15. [PubMed: 30466716] 

16. Oo WM, Little C, Duong V, Hunter DJ. The development of disease-modifying therapies for 
osteoarthritis (DMOADs): the evidence to date. DDDT. 2021;15:2921–45. [PubMed: 34262259] 

17. Glyn-Jones S, Palmer AJR, Agricola R, Price AJ, Vincent TL, Weinans H, et al. Osteoarthritis. The 
Lancet. 2015;386(9991):376–87.

18. Abramoff B, Caldera FE. Osteoarthritis: pathology, diagnosis, and treatment options. Med Clin 
North Am. 2020;104(2):293–311. [PubMed: 32035570] 

19. Jiang Y Osteoarthritis year in review 2021: biology. Osteoarthr Cartil. 2022;30(2):207–15.

20. Wieland HA, Michaelis M, Kirschbaum BJ, Rudolphi KA. Osteoarthritis — an untreatable 
disease? Nat Rev Drug Discov. 2005;4(4):331–44. [PubMed: 15803196] 

21. Donell S Subchondral bone remodelling in osteoarthritis. EFORT Open Rev. 2019;4(6):221–9. 
[PubMed: 31210964] 

22. King LK, March L, Anandacoomarasamy A. Obesity & osteoarthritis. Indian J Med Res. 
2013;138(2):185–93. [PubMed: 24056594] 

23. Cope PJ, Ourradi K, Li Y, Sharif M. Models of osteoarthritis: the good, the bad and the promising. 
Osteoarthr Cartil. 2019;27(2):230–9.

24. Kuyinu EL, Narayanan G, Nair LS, Laurencin CT. Animal models of osteoarthritis: classification, 
update, and measurement of outcomes. J Orthop Surg Res. 2016;11(1):19. [PubMed: 26837951] 

25. Esdaille CJ, Ude CC, Laurencin CT. Regenerative engineering animal models for knee 
osteoarthritis. Regen Eng Transl Med. 2022;8(2):284–97. [PubMed: 35958163] 

26. Frisbie DD, Cross MW, McIlwraith CW. A comparative study of articular cartilage thickness in the 
stifle of animal species used in human pre-clinical studies compared to articular cartilage thickness 
in the human knee. Vet Comp Orthop Traumatol. 2006;19(3):142–6. [PubMed: 16971996] 

27. Mastbergen SC, Pollmeier M, Fischer L, Vianen ME, Lafeber FPJG. The groove model of 
osteoarthritis applied to the ovine fetlock joint. Osteoarthr Cartil. 2008;16(8):919–28.

Chapman et al. Page 16

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Bertone AL. 15 - Distal limb: Fetlock and pastern. In: Hinchcliff KW, Kaneps AJ, Geor RJ, editors. 
Equine sports medicine and surgery (2nd edition) [Internet]. W.B. Saunders; 2014. pp. 275–96. 
Available from: https://www.sciencedirect.com/science/article/pii/B9780702047718000156.

29. Nicola TL, Jewison DJ. The anatomy and biomechanics of running. Clin Sports Med. 
2012;31(2):187–201. [PubMed: 22341011] 

30. Malda J, Benders KEM, Klein TJ, de Grauw JC, Kik MJL, Hutmacher DW, et al. Comparative 
study of depth-dependent characteristics of equine and human osteochondral tissue from the 
medial and lateral femoral condyles. Osteoarthr Cartil. 2012;20(10):1147–51.

31. Ahern BJ, Parvizi J, Boston R, Schaer TP. Preclinical animal models in single site cartilage defect 
testing: a systematic review. Osteoarthr Cartil. 2009;17(6):705–13.

32. Dias IR, Viegas CA, Carvalho PP. Large animal models for osteochondral regeneration. Adv Exp 
Med Biol. 2018;1059:441–501. [PubMed: 29736586] 

33. Bertone AL, Ishihara A, Zekas LJ, Wellman ML, Lewis KB, Schwarze RA, et al. Evaluation of 
a single intra-articular injection of autologous protein solution for treatment of osteoarthritis in 
horses. Am J Vet Res. 2014;75(2):141–51. [PubMed: 24471750] 

34. Shakouri SK, Dolati S, Santhakumar J, Thakor AS, Yarani R. Autologous conditioned serum for 
degenerative diseases and prospects. Growth Factors. 2021;39(1–6):59–70. [PubMed: 34886733] 

35. Chu CR, Szczodry M, Bruno S. Animal models for cartilage regeneration and repair. Tissue Eng 
Part B Rev. 2010;16(1):105–15. [PubMed: 19831641] 

36. McCoy AM. Animal models of osteoarthritis: comparisons and key considerations. Vet Pathol. 
2015;52(5):803–18. [PubMed: 26063173] 

37. Shapiro F, Koide S, Glimcher MJ. Cell origin and differentiation in the repair of full-thickness 
defects of articular cartilage. J Bone Joint Surg Am. 1993;75(4):532–53. [PubMed: 8478382] 

38. Zhou J, Wang Y, Liu Y, Zeng H, Xu H, Lian F. Adipose derived mesenchymal stem cells 
alleviated osteoarthritis and chondrocyte apoptosis through autophagy inducing. J Cell Biochem. 
2019;120(2):2198–212. [PubMed: 30315711] 

39. Freitag J, Bates D, Wickham J, Shah K, Huguenin L, Tenen A, et al. Adipose-derived 
mesenchymal stem cell therapy in the treatment of knee osteoarthritis: a randomized controlled 
trial. Regen Med. 2019;14(3):213–30. [PubMed: 30762487] 

40. Miller RE, Malfait AM. Osteoarthritis pain: what are we learning from animal models? Best Pract 
Res Clin Rheumatol. 2017;31(5):676–87. [PubMed: 30509413] 

41. Zaki S, Blaker CL, Little CB. OA foundations – experimental models of osteoarthritis. Osteoarthr 
Cartil. 2022;30(3):357–80.

42. Macfadyen MA, Daniel Z, Kelly S, Parr T, Brameld JM, Murton AJ, et al. The commercial pig 
as a model of spontaneously-occurring osteoarthritis. BMC Musculoskelet Disord. 2019;20(1):70. 
[PubMed: 30744620] 

43. Kraus VB, Huebner JL, DeGroot J, Bendele A. The OARSI histopathology initiative – 
recommendations for histological assessments of osteoarthritis in the guinea pig. Osteoarthr Cartil. 
2010;18:S35–52.

44. Glasson SS, Chambers MG, Van Den Berg WB, Little CB. The OARSI histopathology initiative 
- recommendations for histological assessments of osteoarthritis in the mouse. Osteoarthr Cartil. 
2010;18(Suppl 3):S17–23.

45. Gerwin N, Bendele AM, Glasson S, Carlson CS. The OARSI histopathology initiative - 
recommendations for histological assessments of osteoarthritis in the rat. Osteoarthr Cartil. 
2010;18(Suppl 3):S24–34.

46. Laverty S, Girard CA, Williams JM, Hunziker EB, Pritzker KPH. The OARSI histopathology 
initiative - recommendations for histological assessments of osteoarthritis in the rabbit. Osteoarthr 
Cartil. 2010;18(Suppl 3):S53–65.

47. McIlwraith CW, Frisbie DD, Kawcak CE, Fuller CJ, Hurtig M, Cruz A. The OARSI 
histopathology initiative - recommendations for histological assessments of osteoarthritis in the 
horse. Osteoarthr Cartil. 2010;18(Suppl 3):S93–105.

48. Little CB, Smith MM, Cake MA, Read RA, Murphy MJ, Barry FP. The OARSI histopathology 
initiative - recommendations for histological assessments of osteoarthritis in sheep and goats. 
Osteoarthr Cartil. 2010;18(Suppl 3):S80–92.

Chapman et al. Page 17

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.sciencedirect.com/science/article/pii/B9780702047718000156


49. Cook JL, Kuroki K, Visco D, Pelletier JP, Schulz L, Lafeber FPJG. The OARSI histopathology 
initiative - recommendations for histological assessments of osteoarthritis in the dog. Osteoarthr 
Cartil. 2010;18(Suppl 3):S66–79.

50. Ringe J, Hemmati-Sadeghi S, Fröhlich K, Engels A, Reiter K, Dehne T, et al. CCL25-
supplemented hyaluronic acid attenuates cartilage degeneration in a guinea pig model of knee 
osteoarthritis. J Orthop Res. 2019;37(8):1723–9. [PubMed: 30977553] 

51. Wallace IJ, Bendele AM, Riew G, Frank EH, Hung HH, Holowka NB, et al. Physical inactivity and 
knee osteoarthritis in guinea pigs. Osteoarthr Cartil. 2019;27(11):1721–8.

52. Miller RE, Lu Y, Tortorella MD, Malfait AM. Genetically engineered mouse models reveal 
the importance of proteases as osteoarthritis drug targets. Curr Rheumatol Rep. 2013;15(8):350. 
[PubMed: 23926636] 

53. Burt PM, Xiao L, Doetschman T, Hurley MM. Ablation of low-molecular-weight FGF2 isoform 
accelerates murine osteoarthritis while loss of high-molecular-weight FGF2 isoforms offers 
protection. J Cell Physiol. 2019;234(4):4418–31. [PubMed: 30144364] 

54. Evans CH, Ghivizzani SC, Robbins PD. Gene delivery to joints by intra-articular injection. Hum 
Gene Ther. 2018;29(1):2–14. [PubMed: 29160173] 

55. Little CB, Hunter DJ. Post-traumatic osteoarthritis: from mouse models to clinical trials. Nat Rev 
Rheumatol. 2013;9(8):485–97. [PubMed: 23689231] 

56. Furman BD, Strand J, Hembree WC, Ward BD, Guilak F, Olson SA. Joint degeneration following 
closed intraarticular fracture in the mouse knee: a model of posttraumatic arthritis. J Orthop Res. 
2007;25(5):578–92. [PubMed: 17266145] 

57. Chang JC, Christiansen BA, Murugesh DK, Sebastian A, Hum NR, Collette NM, et al. SOST/
Sclerostin improves posttraumatic osteoarthritis and inhibits MMP2/3 expression after injury. J 
Bone Miner Res. 2018;33(6):1105–13. [PubMed: 29377313] 

58. Christiansen BA, Anderson MJ, Lee CA, Williams JC, Yik JHN, Haudenschild DR. 
Musculoskeletal changes following non-invasive knee injury using a novel mouse model of post-
traumatic osteoarthritis. Osteoarthr Cartil. 2012;20(7):773–82.

59. Ko FC, Dragomir CL, Plumb DA, Hsia AW, Adebayo OO, Goldring SR, et al. Progressive 
cell-mediated changes in articular cartilage and bone in mice are initiated by a single session of 
controlled cyclic compressive loading. J Orthop Res. 2016;34(11):1941–9. [PubMed: 26896841] 

60. de Oloveira Martins LP, dos Santos FF, Costa TED, Lacerda ACR, dos Santos JM, Costa KB, et 
al. Photobiomodulation therapy (light-emitting diode 630 nm) favored the oxidative stress and the 
preservation of articular cartilage in an induced knee osteoarthritis model. Photobiomodulation, 
Photomed Laser Surg. 2021;39(4):272–9.

61. Pitcher T, Sousa-Valente J, Malcangio M. The monoiodoacetate model of osteoarthritis pain in the 
mouse. JoVE. 2016;111:53746.

62. Kobayashi K, Imaizumi R, Sumichika H, Tanaka H, Goda M, Fukunari A, et al. Sodium 
Iodoacetate-induced experimental osteoarthritis and associated pain model in rats. J Vet Med Sci. 
2003;65(11):1195–9. [PubMed: 14665748] 

63. Miyamoto S, Nakamura J, Ohtori S, Orita S, Omae T, Nakajima T, et al. Intra-articular injection 
of mono-iodoacetate induces osteoarthritis of the hip in rats. BMC Musculoskelet Disord. 
2016;17(1):132. [PubMed: 26992380] 

64. Zhang RX, Ren K, Dubner R. Osteoarthritis pain mechanisms: basic studies in animal models. 
Osteoarthr Cartil. 2013;21(9):1308–15.

65. Micheli L, Di Cesare ML, Lucarini E, Cialdai F, Vignali L, Ghelardini C, et al. 
Photobiomodulation therapy by NIR laser in persistent pain: an analytical study in the rat. Lasers 
Med Sci. 2017;32(8):1835–46. [PubMed: 28752263] 

66. Philpott HT, O’Brien M, McDougall JJ. Attenuation of early phase inflammation by cannabidiol 
prevents pain and nerve damage in rat osteoarthritis. Pain. 2017;158(12):2442–51. [PubMed: 
28885454] 

67. Ikeuchi M, Izumi M, Aso K, Sugimura N, Kato T, Tani T. Effects of intra-articular hyaluronic 
acid injection on immunohistochemical characterization of joint afferents in a rat model of knee 
osteoarthritis. EJP. 2015;19(3):334–40. [PubMed: 24976609] 

Chapman et al. Page 18

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



68. Çağlar C, Kara H, Ateş O, Uğurlu M. Evaluation of different intraarticular injection therapies with 
gait analysis in a rat osteoarthritis model. Cartilage. 2021;13(2_suppl):1134S–1143S. [PubMed: 
34528494] 

69. More AS, Kumari RR, Gupta G, Lingaraju MC, Balaganur V, Pathak NN, et al. Effect of iNOS 
inhibitor S-methylisothiourea in monosodium iodoacetate-induced osteoathritic pain: implication 
for osteoarthritis therapy. Pharmacol Biochem Behav. 2013;103(4):764–72. [PubMed: 23287799] 

70. Kim Y, Kim EH, Lee KS, Lee K, Park SH, Na SH, et al. The effects of intra-articular 
resiniferatoxin on monosodium iodoacetate-induced osteoarthritic pain in rats. Korean J Physiol 
Pharmacol. 2016;20(1):129–36. [PubMed: 26807032] 

71. Shah S, Esdaille CJ, Bhattacharjee M, Kan HM, Laurencin CT. The synthetic artificial stem cell 
(SASC):shifting the paradigm of cell therapy in regenerative engineering. Proc Natl Acad Sci 
USA. 2022;119(2):e2116865118 [PubMed: 34987101] 

72. Bhattacharjee M, Escobar Ivirico JL, Kan HM, Shah S, Otsuka T, Bordett R, et al. Injectable 
amnion hydrogel-mediated delivery of adipose-derived stem cells for osteoarthritis treatment. Proc 
Natl Acad Sci USA. 2022;119(4):e2120968119 [PubMed: 35046053] 

73. Khanal M, Gohil SV, Kuyinu E, Kan HM, Knight BE, Baumbauer KM, et al. Injectable 
nanocomposite analgesic delivery system for musculoskeletal pain management. Acta Biomater. 
2018;1(74):280–90.

74. Britti D, Crupi R, Impellizzeri D, Gugliandolo E, Fusco R, Schievano C, et al. A novel composite 
formulation of palmitoy-lethanolamide and quercetin decreases inflammation and relieves pain in 
inflammatory and osteoarthritic pain models. BMC Vet Res. 2017;13(1):229. [PubMed: 28768536] 

75. Malek N, Borowczyk J, Kostrzewa M, Pawlowska A, Drukala J, Starowicz K. The impact of 
JWH-133 on articular cartilage regeneration in osteoarthritis via metalloproteinase 13-dependent 
mechanism. Cannabis and Cannabinoid Research. 2022. 10.1089/can.2022.0107

76. Di Paola R, Fusco R, Impellizzeri D, Cordaro M, Britti D, Morittu VM, et al. Adelmidrol, 
in combination with hyaluronic acid, displays increased anti-inflammatory and analgesic effects 
against monosodium iodoacetate-induced osteoarthritis in rats. Arthritis Res Ther. 2016;18(1):291. 
[PubMed: 27955699] 

77. Kim SE, Lee JY, Shim KS, Lee S, Min K, Bae JH, et al. Attenuation of inflammation and cartilage 
degradation by sulfasalazine-containing hyaluronic acid on osteoarthritis rat model. Int J Biol 
Macromol. 2018;114:341–8. [PubMed: 29548914] 

78. Chen L, Lou Y, Pan Z, Cao X, Zhang L, Zhu C, et al. Treadmill and wheel exercise protect 
against JNK/NF-κB induced inflammation in experimental models of knee osteoarthritis. Biochem 
Biophys Res Commun. 2020;523(1):117–22. [PubMed: 31836142] 

79. Allen J, Imbert I, Havelin J, Henderson T, Stevenson G, Liaw L, et al. Effects of treadmill exercise 
on advanced osteoarthritis pain in rats: exercise reverses osteoarthritis pain and bone remodeling. 
Arthritis Rheumatol. 2017;69(7):1407–17. [PubMed: 28320059] 

80. Orita S, Ishikawa T, Miyagi M, Ochiai N, Inoue G, Eguchi Y, et al. Pain-related sensory 
innervation in monoiodoacetate-induced osteoarthritis in rat knees that gradually develops 
neuronal injury in addition to inflammatory pain. BMC Musculoskelet Disord. 2011;12(1):134. 
[PubMed: 21679434] 

81. Combe R, Bramwell S, Field MJ. The monosodium iodoacetate model of osteoarthritis: a model of 
chronic nociceptive pain in rats? Neurosci Lett. 2004;370(2–3):236–40. [PubMed: 15488329] 

82. van Osch GJVM, Blankevoort L, van der Kraan PM, Janssen B, Hekman E, Huiskes R, et 
al. Laxity characteristics of normal and pathological murine knee jointsin vitro. J Orthop Res. 
1995;13(5):783–91. [PubMed: 7472758] 

83. Kikuchi T, Sakuta T, Yamaguchi T. Intra-articular injection of collagenase induces experimental 
osteoarthritis in mature rabbits. Osteoarthr Cartil. 1998;6(3):177–86.

84. Lubis AMT, Wonggokusuma E, Marsetio AF. Intra-articular recombinant human growth hormone 
injection compared with hyaluronic acid and placebo for an osteoarthritis model of New Zealand 
rabbits. Knee Surg Relat Res. 2019;31(1):44–53. [PubMed: 30871292] 

85. Park J, Lee J, Kim KI, Lee J, Jang S, Choi HT, et al. A patho-physiological validation of 
collagenase II-induced biochemical osteoarthritis animal model in rabbit. Tissue Eng Regen Med. 
2018;15(4):437–44.

Chapman et al. Page 19

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



86. Farr J, Gomoll AH, Yanke AB, Strauss EJ, Mowry KC, ASA Study Group. A randomized 
controlled single-blind study demonstrating superiority of amniotic suspension allograft injection 
over hyaluronic acid and saline control for modification of knee osteoarthritis symptoms. J Knee 
Surg. 2019;32(11):1143–54. [PubMed: 31533151] 

87. Gomoll AH, Farr J, Cole BJ, Flanigan DC, Lattermann C, Mandelbaum BR, et al. Safety 
and efficacy of an amniotic suspension allograft injection over 12 months in a single-blinded, 
randomized controlled trial for symptomatic osteoarthritis of the knee. Arthroscopy: J Arthrosc 
Relat Surg. 2021;37(7):2246–57.

88. Collins KH, Lenz KL, Pollitt EN, Ferguson D, Hutson I, Springer LE, et al. Adipose tissue 
is a critical regulator of osteoarthritis. Proc Natl Acad Sci U S A. 2021;118(1):e2021096118. 
[PubMed: 33443201] 

89. Griffin TM, Batushansky A, Hudson J, Lopes EBP. Correlation network analysis shows divergent 
effects of a long-term, high-fat diet and exercise on early stage osteoarthritis phenotypes in mice. J 
Sport Health Sci. 2020;9(2):119–31. [PubMed: 32099720] 

90. Hahn AK, Batushansky A, Rawle RA, Prado Lopes EB, June RK, Griffin TM. Effects of long-term 
exercise and a high-fat diet on synovial fluid metabolomics and joint structural phenotypes in 
mice: an integrated network analysis. Osteoarthr Cartil. 2021;29(11):1549–63.

91. Lorenz W, Buhrmann C, Mobasheri A, Lueders C, Shakibaei M. Bacterial lipopolysaccharides 
form procollagen-endotoxin complexes that trigger cartilage inflammation and degeneration: 
implications for the development of rheumatoid arthritis. Arthritis Res Ther. 2013;15(5):R111. 
[PubMed: 24020912] 

92. Yoshino S, Sasatomi E, Ohsawa M. Bacterial lipopolysaccharide acts as an adjuvant to induce 
autoimmune arthritis in mice. Immunology. 2000;99(4):607–14. [PubMed: 10792509] 

93. Huang Z, Kraus VB. Does lipopolysaccharide-mediated inflammation have a role in OA? Nat Rev 
Rheumatol. 2016;12(2):123–9. [PubMed: 26656661] 

94. Neuenschwander HM, Moreira JJ, Vendruscolo CP, Fülber J, Seidel SRT, Michelacci YM, et al. 
Hyaluronic acid has chondro-protective and joint-preserving effects on LPS-induced synovitis in 
horses. J Vet Sci. 2019;20(6):e67. [PubMed: 31775194] 

95. Molinet M, Alves N, Vasconcelos A, Deana NF. Comparative study of osteoarthritis induced by 
monoiodoacetate and papain in rabbit temporomandibular joints: macroscopic and microscopic 
analysis. Folia Morphol (Warsz). 2020;79(3):516–27. [PubMed: 31565788] 

96. Cheng F, Yan FF, Liu YP, Cong Y, Sun KF, He XM. Dexmedetomidine inhibits the NF-κB 
pathway and NLRP3 inflammasome to attenuate papain-induced osteoarthritis in rats. Pharm Biol. 
2019;57(1):649–59. [PubMed: 31545916] 

97. Lindström E, Rizoska B, Tunblad K, Edenius C, Bendele AM, Maul D, et al. The selective 
cathepsin K inhibitor MIV-711 attenuates joint pathology in experimental animal models of 
osteoarthritis. J Transl Med. 2018;16(1):56. [PubMed: 29523155] 

98. Jin Y, Koh RH, Kim SH, Kim KM, Park GK, Hwang NS. Injectable anti-inflammatory hyaluronic 
acid hydrogel for osteoarthritic cartilage repair. Mater Sci Eng, C. 2020;115:111096.

99. Lee MI, Kim JH, Kwak HH, Woo HM, Han JH, Yayon A, et al. A placebo-controlled study 
comparing the efficacy of intra-articular injections of hyaluronic acid and a novel hyaluronic 
acid-platelet-rich plasma conjugate in a canine model of osteoarthritis. J Orthop Surg Res. 
2019;14(1):314. [PubMed: 31533754] 

100. Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vasserot AP, et al. Local clearance 
of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a 
proregenerative environment. Nat Med. 2017;23(6):775–81. [PubMed: 28436958] 

101. Veronesi F, Vandenbulcke F, Ashmore K, Di Matteo B, Nicoli Aldini N, Martini L, et al. 
Meniscectomy-induced osteoarthritis in the sheep model for the investigation of therapeutic 
strategies: a systematic review. Int Orthop. 2020;44(4):779–93. [PubMed: 32025798] 

102. Tawonsawatruk T, Sriwatananukulkit O, Himakhun W, Hemstapat W. Comparison of pain 
behaviour and osteoarthritis progression between anterior cruciate ligament transection and 
osteochondral injury in rat models. Bone Joint Res. 2018;7(3):244–51. [PubMed: 29922442] 

103. Wang Y, Chen Y, Wei Y. Osteoarthritis animal models for biomaterial-assisted osteochondral 
regeneration. Biomater Transl. 2022;3(4):264–79. [PubMed: 36846505] 

Chapman et al. Page 20

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



104. Liu Y, Dzidotor G, Le TT, Vinikoor T, Morgan K, Curry EJ, et al. Exercise-induced piezoelectric 
stimulation for cartilage regeneration in rabbits. Sci Transl Med. 2022;14(627):eabi7282. 
[PubMed: 35020409] 

105. Park S, Kang S, Kim DS, Zhang T. Protection against osteoarthritis symptoms by aerobic exercise 
with a high-protein diet by reducing inflammation in a testosterone-deficient animal model. Life. 
2022;12(2):177. [PubMed: 35207465] 

106. Atallah A, Mhaouty-Kodja S, Grange-Messent V. Chronic depletion of gonadal testosterone leads 
to blood-brain barrier dysfunction and inflammation in male mice. J Cereb Blood Flow Metab. 
2017;37(9):3161–75. [PubMed: 28256950] 

107. Kloner RA, Carson C, Dobs A, Kopecky S, Mohler ER. Testosterone and cardiovascular disease. 
J Am Coll Cardiol. 2016;67(5):545–57. [PubMed: 26846952] 

108. Li H, Gou Y, Tian F, Zhang Y, Lian Q, Hu Y, et al. Combination of metformin and exercise 
alleviates osteoarthritis in ovariectomized mice fed a high-fat diet. Bone. 2022;157:116323. 
[PubMed: 34990878] 

109. Kim JE, Song DH, Kim SH, Jung Y, Kim SJ. Development and characterization of various 
osteoarthritis models for tissue engineering. PLoS One. 2018;13(3):e0194288. [PubMed: 
29534084] 

110. Frisbie DD, Kawcak CE, Werpy NM, Park RD, McIlwraith CW. Clinical, biochemical, and 
histologic effects of intra-articular administration of autologous conditioned serum in horses with 
experimentally induced osteoarthritis. Ajvr. 2007;68(3):290–6. [PubMed: 17331019] 

111. Frisbie DD, Al-Sobayil F, Billinghurst RC, Kawcak CE, McIlwraith CW. Changes in synovial 
fluid and serum biomarkers with exercise and early osteoarthritis in horses. Osteoarthr Cartil. 
2008;16(10):1196–204.

112. Bertoni L, Jacquet-Guibon S, Branly T, Desancé M, Legendre F, Melin M, et al. Evaluation of 
allogeneic bone-marrow-derived and umbilical cord blood-derived mesenchymal stem cells to 
prevent the development of osteoarthritis in an equine model. IJMS. 2021;22(5):2499. [PubMed: 
33801461] 

113. Rojas-Ortega M, Cruz R, Vega-López MA, Cabrera-González M, Hernández-Hernández JM, 
Lavalle-Montalvo C, et al. Exercise modulates the expression of IL-1β and IL-10 in the articular 
cartilage of normal and osteoarthritis-induced rats. Pathol – Res Pract. 2015;211(6):435–43. 
[PubMed: 25702530] 

114. Siebelt M, Waarsing JH, Kops N, Piscaer TM, Verhaar JAN, Oei EHG, et al. Quantifying 
osteoarthritic cartilage changes accurately using in vivo microCT arthrography in three 
etiologically distinct rat models: quantifying osteoarthritic cartilage changes. J Orthop Res. 
2011;29(11):1788–94. [PubMed: 21520262] 

115. Li K, Zhang P, Zhu Y, Alini M, Grad S, Li Z. Establishment of an ex vivo 
inflammatory osteoarthritis model with human osteochondral explants. Front Bioeng Biotechnol. 
2021;9:787020. [PubMed: 34993189] 

116. Kleuskens MWA, van Donkelaar CC, Kock LM, Janssen RPA, Ito K. An ex vivo human 
osteochondral culture model. J Orthop Res. 2021;39(4):871–9. [PubMed: 32592503] 

117. Genemaras AA, Ennis H, Bradshaw B, Kaplan L, Huang CYC. Effects of anti-inflammatory 
agents on expression of early responsive inflammatory and catabolic genes in ex vivo porcine 
model of acute knee cartilage injury. Cartilage. 2018;9(3):293–303. [PubMed: 29986604] 

118. Lai-Zhao Y, Pitchers KK, Appleton CT. Transient anabolic effects of synovium in early post-
traumatic osteoarthritis: a novel ex vivo joint tissue co-culture system for investigating synovium-
chondrocyte interactions. Osteoarthr Cartil. 2021;29(7):1060–70.

119. Mouser VHM, Dautzenberg NMM, Levato R, van Rijen MHP, Dhert WJA, Malda J, et al. Ex vivo 
model unravelling cell distribution effect in hydrogels for cartilage repair. Altex. 2018;35(1):65–
76. [PubMed: 28884783] 

120. O’Brien M, Philpott HT, McDougall JJ. Understanding osteoarthritis pain through animal models. 
Clin Exp Rheumatol. 2017;35 Suppl 107(5):47–52.

121. Kohn MD, Sassoon AA, Fernando ND. Classifications in brief: Kellgren-Lawrence classification 
of osteoarthritis. Clin Orthop Relat Res. 2016;474(8):1886–93. [PubMed: 26872913] 

Chapman et al. Page 21

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



122. Li Q, Amano K, Link TM, Ma CB. Advanced imaging in osteoarthritis. Sports Health. 
2016;8(5):418–28. [PubMed: 27510507] 

123. Burge AJ, Jawetz ST. Advanced magnetic resonance imaging in osteoarthritis. Semin 
Musculoskelet Radiol. 2020;24(4):355–66. [PubMed: 32992364] 

124. Oğuz R, Belviranlı M, Okudan N. Effects of exercise training alone and in combination with 
kinesio taping on pain, functionality, and biomarkers related to the cartilage metabolism in knee 
osteoarthritis. Cartilage. 2021;13(1_suppl):1791S–1800S. [PubMed: 33870762] 

125. Hu X, Ni S, Zhao K, Qian J, Duan Y. Bioinformatics-led discovery of osteoarthritis biomarkers 
and inflammatory infiltrates. Front Immunol. 2022;13:871008. [PubMed: 35734177] 

126. McIlwraith CW, Kawcak CE, Frisbie DD, Little CB, Clegg PD, Peffers MJ, et al. Biomarkers for 
equine joint injury and osteoarthritis. J Orthop Res. 2018;36(3):823–31. [PubMed: 28921609] 

127. Li P, Che X, Gao Y, Zhang R. Proteomics and bioinformatics analysis of cartilage in post-
traumatic osteoarthritis in a mini-pig model of anterior cruciate ligament repair. Med Sci Monit. 
2020;9(26):e920104.

128. Grote CW, Mackay MJ, Lu Q, Liu X, Meyer AR, Wang J. A whole-joint histopathologic grading 
system for murine knee osteoarthritis. J Orthop Res. 2023;41(7):1407–18. 10.1002/jor.25482. 
[PubMed: 36370134] 

129. Li J, Zhang B, Liu WX, Lu K, Pan H, Wang T, et al. Metformin limits osteoarthritis development 
and progression through activation of AMPK signalling. Ann Rheum Dis. 2020;79(5):635–45. 
[PubMed: 32156705] 

130. Korchi AM, Cengarle-Samak A, Okuno Y, Martel-Pelletier J, Pelletier JP, Boesen M, et 
al. Inflammation and hypervascularization in a large animal model of knee osteoarthritis: 
imaging with pathohistologic correlation. J Vasc Interv Radiol. 2019;30(7):1116–27. [PubMed: 
30935868] 

131. Miller RE, Kim YS, Tran PB, Ishihara S, Dong X, Miller RJ, et al. Visualization of peripheral 
neuron sensitization in a surgical mouse model of osteoarthritis by in vivo calcium imaging. 
Arthritis Rheumatol. 2018;70(1):88–97. [PubMed: 28992367] 

132. Drake FH, Dodds RA, James IE, Connor JR, Debouck C, Richardson S, et al. Cathepsin K, 
but not cathepsins B, L, or S, is abundantly expressed in human osteoclasts. J Biol Chem. 
1996;271(21):12511–6. [PubMed: 8647859] 

133. Lindström E, Rizoska B, Henderson I, Terelius Y, Jerling M, Edenius C, et al. Nonclinical 
and clinical pharmacological characterization of the potent and selective cathepsin K inhibitor 
MIV-711. J Transl Med. 2018;16(1):125. [PubMed: 29743078] 

134. Sanchez-Lopez E, Coras R, Torres A, Lane NE, Guma M. Synovial inflammation in osteoarthritis 
progression. Nat Rev Rheumatol. 2022;18(5):258–75. [PubMed: 35165404] 

135. Legrand CB, Lambert CJ, Comblain FV, Sanchez C, Henrotin YE. Review of soluble biomarkers 
of osteoarthritis: lessons from animal models. Cartilage. 2017;8(3):211–33. [PubMed: 28618869] 

136. Li Z, Huang Z, Zhang H, Lu J, Tian Y, Wei Y, et al. P2X7 receptor induces pyroptotic 
inflammation and cartilage degradation in osteoarthritis via NF-κB/NLRP3 crosstalk. Oxid Med 
Cell Longev. 2021;2021:8868361. [PubMed: 33532039] 

137. Cho Y, Jeong S, Kim H, Kang D, Lee J, Kang SB, et al. Disease-modifying therapeutic strategies 
in osteoarthritis: current status and future directions. Exp Mol Med. 2021;53(11):1689–96. 
[PubMed: 34848838] 

138. Oo WM, Yu SPC, Daniel MS, Hunter DJ. Disease-modifying drugs in osteoarthritis: current 
understanding and future therapeutics. Expert Opin Emerg Drugs. 2018;23(4):331–47. [PubMed: 
30415584] 

139. Oo WM. Prospects of disease-modifying osteoarthritis drugs. Clin Geriatr Med. 2022;38(2):397–
432. [PubMed: 35410687] 

140. Malfait AM, Little CB. On the predictive utility of animal models of osteoarthritis. Arthritis Res 
Ther. 2015;17(1):225. [PubMed: 26364707] 

141. Salgado C, Jordan O, Allémann E. Osteoarthritis in vitro models: applications and implications 
in development of intra-articular drug delivery systems. Pharmaceutics. 2021;13(1):60. [PubMed: 
33466397] 

Chapman et al. Page 22

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



142. Bartolotti I, Roseti L, Petretta M, Grigolo B, Desando G. A road-map of in vitro models 
in osteoarthritis: a focus on their biological relevance in regenerative medicine. J Clin Med. 
2021;10(9):1920. [PubMed: 33925222] 

143. Johnson CI, Argyle DJ, Clements DN. In vitro models for the study of osteoarthritis. Vet J. 
2016;209:40–9. [PubMed: 26831151] 

144. Ude CC, Shamsul BS, Ng MH, Chen HC, Ohnmar H, Amaramalar SN, et al. Long-term 
evaluation of osteoarthritis sheep knee, treated with TGF-β3 and BMP-6 induced multipotent 
stem cells. Exp Gerontol. 2018;104:43–51. [PubMed: 29421350] 

145. Drevet S, Favier B, Brun E, Gavazzi G, Lardy B. Mouse models of osteoarthritis: a summary of 
models and outcomes assessment. Comp Med. 2022;72(1):3–13. [PubMed: 34986927] 

146. Roemer FW, Jarraya M, Felson DT, Hayashi D, Crema MD, Loeuille D, et al. Magnetic 
resonance imaging of Hoffa’s fat pad and relevance for osteoarthritis research: a narrative review. 
Osteoarthr Cartil. 2016;24(3):383–97.

147. Roemer FW, Guermazi A, Demehri S, Wirth W, Kijowski R. Imaging in osteoarthritis. Osteoarthr 
Cartil. 2022;30(7):913–34.

148. Hellio le Graverand MP, Clemmer RS, Redifer P, Brunell RM, Hayes CW, Brandt KD, et al. A 
2-year randomised, double-blind, placebo-controlled, multicentre study of oral selective iNOS 
inhibitor, cindunistat (SD-6010), in patients with symptomatic osteoarthritis of the knee. Ann 
Rheum Dis. 2013;72(2):187–95. [PubMed: 23144445] 

149. Raeissadat SA, Ghazi Hosseini P, Bahrami MH, Salman Roghani R, Fathi M, Gharooee Ahangar 
A, et al. The comparison effects of intra-articular injection of platelet rich plasma (PRP), plasma 
rich in growth factor (PRGF), hyaluronic acid (HA), and ozone in knee osteoarthritis; a one year 
randomized clinical trial. BMC Musculoskelet Disord. 2021;22(1):134. [PubMed: 33536010] 

150. Bihlet AR, Byrjalsen I, Andersen JR, Öberg F, Herder C, Bowes MA, et al. Symptomatic and 
structural benefit of cathepsin K inhibition by MIV-711 in a subgroup with unilateral pain: 
post-hoc analysis of a randomised phase 2a clinical trial. Clin Exp Rheumatol. 2022;40(5):1034–
7. [PubMed: 35238765] 

151. Rocho FR, Bonatto V, Lameiro RF, Lameira J, Leitão A, Montanari CA. A patent review on 
cathepsin K inhibitors to treat osteoporosis (2011–2021). Expert Opin Ther Pat. 2022;32(5):561–
73. [PubMed: 35137661] 

152. Runger TM, Adami S, Benhamou CL, Czerwiski E, Farrerons J, Kendler DL, et al. Morphea-like 
skin reactions in patients treated with the cathepsin K inhibitor balicatib. J Am Acad Dermatol. 
2012;66(3):e89–96. [PubMed: 21571394] 

153. Abhishek A, Doherty M. Mechanisms of the placebo response in pain in osteoarthritis. Osteoarthr 
Cartil. 2013;21(9):1229–35.

154. Watson A, Power A, Brown C, El-Deredy W, Jones A. Placebo analgesia: cognitive influences on 
therapeutic outcome. Arthritis Res Ther. 2012;14(2):206. [PubMed: 22494482] 

155. Kim JS, Borges S, Clauw DJ, Conaghan PG, Felson DT, Fleming TR, et al. FDA/Arthritis 
Foundation osteoarthritis drug development workshop recap: assessment of long-term benefit. 
Semin Arthritis Rheum. 2022;56:152070. [PubMed: 35870222] 

156. Borden M, Attawia M, Khan Y, El-Amin SF, Laurencin CT. Tissue-engineered bone formation 
in vivo using a novel sintered polymeric microsphere matrix. J Bone Joint Surg Br. 
2004;86(8):1200–8. [PubMed: 15568538] 

157. Yu X, Botchwey EA, Levine EM, Pollack SR, Laurencin CT. Bioreactor-based bone tissue 
engineering: the influence of dynamic flow on osteoblast phenotypic expression and matrix 
mineralization. Proc Natl Acad Sci U S A. 2004;101(31):11203–8. [PubMed: 15277663] 

158. Cushnie EK, Ulery BD, Nelson SJ, Deng M, Sethuraman S, Doty SB, et al. Simple signaling 
molecules for inductive bone regenerative engineering. PLoS One. 2014;9(7):e101627. [PubMed: 
25019622] 

159. Ogueri KS, Escobar Ivirico JL, Li Z, Blumenfield RH, Allcock HR, Laurencin CT. 
Synthesis, physicochemical analysis, and side group optimization of degradable dipeptide-
based polyphosphazenes as potential regenerative biomaterials. ACS Appl Polym Mater. 
2019;1(6):1568–78. [PubMed: 32699835] 

Chapman et al. Page 23

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



160. Ambrosio AM, Sahota JS, Khan Y, Laurencin CT. A novel amorphous calcium phosphate 
polymer ceramic for bone repair: I. Synthesis and characterization. J Biomed Mater Res. 
2001;58(3):295–301. [PubMed: 11319744] 

161. Arnold AM, Holt BD, Daneshmandi L, Laurencin CT, Sydlik SA. Phosphate graphene as an 
intrinsically osteoinductive scaffold for stem cell-driven bone regeneration. Proc Natl Acad Sci U 
S A. 2019;116(11):4855–60. [PubMed: 30796184] 

162. Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun nanofibrous structure: a novel 
scaffold for tissue engineering. J Biomed Mater Res. 2002;60(4):613–21. [PubMed: 11948520] 

163. Fu R, Bertrand D, Wang J, Kavaseri K, Feng Y, Du T, et al. In vivo and in silico monitoring bone 
regeneration during distraction osteogenesis of the mouse femur. Comput Methods Programs 
Biomed. 2022;216:106679. [PubMed: 35139460] 

164. Mao L, Wu W, Wang M, Guo J, Li H, Zhang S, et al. Targeted treatment for osteoarthritis: drugs 
and delivery system. Drug Deliv. 2021;28(1):1861–76. [PubMed: 34515606] 

165. Kang LJ, Yoon J, Rho JG, Han HS, Lee S, Oh YS, et al. Self-assembled hyaluronic acid 
nanoparticles for osteoarthritis treatment. Biomaterials. 2021;275:120967. [PubMed: 34153786] 

166. Ma Y, Yang H, Zong X, Wu J, Ji X, Liu W, et al. Artificial M2 macrophages for disease-
modifying osteoarthritis therapeutics. Biomaterials. 2021;274:120865. [PubMed: 33991950] 

167. Abdel-Aziz MA, Ahmed HMS, El-Nekeety AA, Sharaf HA, Abdel-Aziem SH, Abdel-Wahhab 
MA. Biosynthesis of gold nanoparticles for the treatment of osteoarthritis alone or in 
combination with Diacerein(®) in a rat model. Inflammopharmacology. 2021;29(3):705–19. 
[PubMed: 34117571] 

168. Saveh Shemshaki N, Kan HM, Barajaa M, Otsuka T, Lebaschi A, Mishra N, et al. Muscle 
degeneration in chronic massive rotator cuff tears of the shoulder:addressing the real problem 
using a graphene matrix. Proc Natl Acad Sci U S A. 2022;119(33):e2208106119. [PubMed: 
35939692] 

169. Cooper JAJ, Sahota JS, Gorum WJ 2nd, Carter J, Doty SB, Laurencin CT. Biomimetic 
tissue-engineered anterior cruciate ligament replacement. Proc Natl Acad Sci U S A. 
2007;104(9):3049–54. [PubMed: 17360607] 

170. Mengsteab PY, Otsuka T, McClinton A, Shemshaki NS, Shah S, Kan HM, et al. Mechanically 
superior matrices promote osteointegration and regeneration of anterior cruciate ligament tissue 
in rabbits. Proc Natl Acad Sci U S A. 2020;117(46):28655–66. [PubMed: 33144508] 

Chapman et al. Page 24

Regen Eng Transl Med. Author manuscript; available in PMC 2024 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Characteristics of osteoarthritis. (Left) Highlights normal joint and risk factors of OA. 

(Center) Lists the pathophysiologic changes that contribute to (right) the arthritic joint. 

Classic radiograph findings of subchondral bone cysts/sclerosis, osteophytes, and narrowed 

joint space are shown. MRI findings of decreased collagen and GAG content are 

demonstrated. Synovial fluid changes are seen with inflamed synovium and cartilage-

damaging enzymes. Created with BioRender.com
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Fig. 2. 
Classification scheme adapted from Esdaille et al. Additional models include the surgical 

osteochondral defect, synthetic high-fat diet, and new category of ex vivo osteochondral 

plug. The ex vivo model reflects manipulation of live tissue outside of the animal. Adapted 

from Esdaille et al. [25]
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Fig. 3. 
Naturally occurring model. In guinea pig, OARSI cartilage scores demonstrate naturally 

occurring OA at 16 months (left panel Ctr group score 10.1 and right panel, image A 

demonstrating loss of proteoglycans and fissuring). Guinea pigs were treated with weekly 

hyaluronic acid + chemokine C–C motif ligand 25 injection from age 11 months to 16 

months at time of sacrifice. The medium and high dose groups (HA-D2 and HA-D3) had 

statistically significant lower OARSI cartilage scores compared to the contralateral control 

joint (left panel HA-D3 group 8.2 ** (p < 0.01) and HA-D2 group 7.4 *** (p < 0.001) 

groups). In right panel, HA-D2 and HA-D3 groups are shown in panel D and E and 

demonstrate more proteoglycan content and a smoother cartilage layer and less signs of 

destruction as compared to control group panel A. Scale bar = 500 μm. Adapted from Ringe 

et al. [50]
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Fig. 4. 
Dynamic/genetic model. Three different genotyped mice groups (wild type = WT, sclerostin 

knockout = Sost −/−, transgenic sclerostin = SOST TG) injured by dynamic tibial 

compression developed ACL rupture and subsequent OA. A uCT scans with gray highlight 

of osteophyte formation. Scale bar = 1 mm. B Osteophyte volume captured at 3 time points. 

C Femoral epiphysis bone volume to total volume ratio at 3 time points. SOST TG group 

had significantly less osteophyte formation relative to WT and Sost −/− groups (A and B) 

and relative subchondral bone volume compared to the WT and Sost −/− groups. From 

Chang et al. [57]
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Fig. 5. 
Secondary synthetic MIA and collagenase models. Left Figs. 5.1 and 5.2: collagenase 

model. Right Figs. 5.3 and 5.4: MIA model. Figure 5.1 at top left shows Tibial Young’s 

modulus reflecting stiffness of the joint. Red regions reflect increased stiffness as seen in 

panel A, sham group (positive control); and blue regions reflect lower Young’s modulus/

stiffness as seen in panel B, untreated OA group (negative control). There is recovery of 

stiffness (orange color) when treated with SASC as seen in panel E [71]. Figure 5.2 at 

bottom left shows gross articular surface with yellow arrows highlighting areas of erosion. 

Sham group with smooth surface shown at left panel A, negative control with erosion in 

panel B, and smoother appearing treatment group with amnion membrane + ADSC in panel 

E [72]. Figure 5.3 at top right shows both joint afferent firing electrophysiologic study 

(left figure) and electron micrograph of saphenous nerves axons (right figure). Left Fig. 5.3 

demonstrates decreased nerve firing when a noxious torque is applied to the knee joint of 

rat post-CBD administration as evidenced by fewer signaled action potentials. Right Fig. 

5.3 demonstrates electron micrograph with axonal demyelination (thinner membrane at left) 

shown in vehicle-treated group (negative control) compared to preserved axonal myelination 

(thicker membrane at right) shown in CBD-treated group. Adapted from Philpott et al. [66]. 

Figure 5.4 at bottom right shows time to paw withdrawal when infrared heat is applied to 

paw (painful). MIA-treated rats have short heat latency (remove paw quickly from heat) 

compared to saline-treated rats (leave paw on heat source longer) [70]
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Fig. 6. 
Secondary surgical models. A Top left shows mouse intra-articular, in vivo luminescence 

image that highlights increased senescent cells in vehicle-treated group compared to the 

ganciclovir-treated group at right without as much luminescence. Also evidenced by 

quantification at right of A by upside down triangle [100]. Scale bars = 2 cm. B Bottom 

left demonstrates gross image of osteochondral defects on rabbit femur showing fibrillation 

in defect only without exercise and near healing of the defect in the piezoelectric + 2 month 

exercise group. B Bottom right shows hematoxylin and eosin stain demonstrating hyaline 

cartilage in the piezoelectric + exercise group compared to sham treatment with degradation 

of cartilage. Scale bars at right = 500 μm. Adapted from Liu et al. [104] C Top right shows 

the surgical exposure technique of the ACL transection and osteochondral defect model 

similar to those noted in the other two studies in this Fig. [102]
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Fig. 7. 
Tertiary models. Horse fore fetlock joints at 12 weeks post arthroscopic osteochondral chip 

fragment of the metacarpophalangeal joints. a–d (top) Left fore fetlock was treated at 3 

weeks with placebo injection, and e–h (bottom) right fore fetlock was treated at 3 weeks 

with bone marrow–derived mesenchymal stem cells (BM-MSCs). Magnetic resonance 

image at left figure (a, b, e, f); plain radiograph (c, g); ultrasound at right figure (d, h). On 

the left placebo-treated joint, there is grade 3 synovial effusion (white arrow in a) compared 

to grade 2 synovial effusion in the right BM-MSC-treated joint (e, f); grade 3 osteophytes 

in placebo-treated left forelock (arrowheads in b–d) compared to grade 1 on the BM-MSC 

treated right on radiograph (g) and grade 2 on ultrasound (h). From Bertoni et al. [112]
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